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ABSTRACT

GAMMA PROTOCADHERIN SYNAPTIC LOCALIZATION AND INTRACELLULAR TRAFFICKING IS
CONSISTENT WITH DISTINCT ADHESIVE AND ANTI-ADHESIVE
ROLES IN DEVELOPMENT
by
Nicole LaMassa
Advisor: Greg R. Phillips

Clustered protocadherins (Pcdhs) constitute a family of cell adhesion molecules with approximately 60
Pcdh genes clustered in a 1 MB locus on chromosome 5q31 in humans. The Pcdh gene cluster is
subdivided into α, β, and γ subclusters which encode related proteins. Individual neurons activate
different subsets of Pcdh-α, Pcdh-β and Pcdh-γ genes by epigenetic mechanisms to generate distinct
Pcdh adhesive units expressed by each neuron. This is thought to serve as a “surface barcode” for singlecell identity and synaptic recognition in the nervous system. The actual role for Pcdhs in neural
development is still relatively unknown and different roles have been proposed. Late in development
Pcdhs are found at synapses and have been postulated to play a role in establishment of synaptic
connectivity. Early in development Pcdhs can affect the outgrowth and patterning of dendrites. In some
cases, this seems to be mediated by interaction of Pcdhs between dendrites and glial cells that may
stabilize these contacts. In other cases, interaction of same-cell dendrites through Pcdhs causes what is
known as “self-avoidance” in which crossing is prevented by same-cell dendrites allowing for optimal
expansion of dendrites into territories. Self-avoidance has also be observed in other systems and is
similarly mediated by adhesion molecules. One question about self-avoidance that has yet to be
answered is: How can cell adhesion molecules that presumably bind membranes together, actually cause
the repulsion of these membranes. Based on previous studies, it is becoming increasingly clear that Pcdh
intracellular trafficking could play an important role in synaptogenesis and dendrite outgrowth at specific
times in development. A cell biological model for Pcdh function has been proposed that predicts that
endocytosis of Pcdhs is a critical switch that converts Pcdhs from adhesive to avoidance molecules. To
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address the dual roles for Pcdhs in neural development, I have studied their association with synaptic
maturation and have found that Pcdhs are positively associated with the maturation of CNS synapses in
the hippocampus. This is consistent with an adhesive role at the synapse. To study a possible mechanism
for self-avoidance, I identified proteins in Pcdh-γ complexes and found a novel endocytic regulator, the
F-BAR protein FCHSD2. I found that Pcdh-γ’s and FCHSD2 form a complex in heterologous cells
together with known FCHSD2 interacting proteins. The FCHSD2 complex has been shown to regulate
the actin cytoskeleton in endocytosis. I found that this complex likely mediates endocytosis of Pcdh-γ’s
but may also play a role in Pcdh-γ trafficking from the late endosome. Taken together my results reveal
new insights into the function of Pcdhs at the synapse and in adhesion mediated by intracellular
trafficking.
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CHAPTER 1
Introduction
1.1 Cell adhesion in development
It has long been understood that cells have specific interactions with other cells during development
and these interactions can influence the incorporation of cells into tissues and collectives. Such cell-cell
interaction, or cell adhesion, was shown to play an important role in development even before the identification
of specific cell adhesion receptors. For example, Wilson showed that sponges could be dissociated into single
cells and allowed to reassociate, which then eventually resulted in the formation of new mini-sponges1. Wilson
also showed when sponge cells of 3 different species were allowed to reaggregate that they sorted out into
small sponges of each type suggesting the existence of specific factors on the cell surface that influence cell
recognition1. Similarly, Townes and Holtfreter prepared dissociated cells from the three germ layers of the frog
gastrula and subjected them to reaggregation experiments2. They found that structures resembling the original
germ layers could be reconstituted by the reaggregated cells suggesting specific cell surface recognition of
cells from the different germ layers2. They also suggested that this differential adhesion between cells could be
a driving force for morphogenetic events during development. Thus, even before the identification of cell
adhesion molecules, the importance of cell-cell adhesive forces was appreciated in driving developmental
events.
It has since been recognized that cell-cell adhesion via cell surface cell adhesion molecules (CAMs)
is a critical factor in development of the nervous system as well as many other tissues. CAMs typically bind
cells and neurites together and segregate them into appropriate layers, tracts, and groups. There are many
different families of CAMs that mediate cell adhesion. The most prominent and well-characterized families are
the cadherins and the immunoglobulin superfamily (Figure 1). Both families are primarily type I transmembrane
proteins with multiple extracellular domains that bind to similar domains on opposing cells. The cadherins all
possess extracellular cadherin repeats which exhibit a typical folding motif, containing calcium binding sites,
and also possess adhesive binding sites. In contrast, the immunoglobulin superfamily proteins are denoted by
immunoglobulin domains that are extensively disulfide bonded and also can mediate adhesion. As will be
discussed below, both families of CAMs generally mediate what is known as homophilic adhesion, which is
thought to account for at least some of the activity observed in the cell reaggregation experiments discussed
above.
1
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1.2. Cadherin family
Cadherins were initially discovered by Matsutoshi Takeichi in 1977 during a search for cell surface
proteins responsible for the calcium dependent cell aggregation observed in various cell lines3. The prototypical
cadherin was termed epithelial (E-) cadherin. It was later found that there were similar molecules related to Ecadherin and these are considered the classical cadherins. Most importantly, classical cadherins exhibit strict
homophilic specificity4–7. Other surface proteins containing cadherin-like domains can participate in cell
adhesion and these are considered non-classical cadherins. Multiple classical cadherins are expressed in the
nervous system in distinct expression patterns4,6–9 and it was proposed that classical cadherin homophilic
binding could provide a basis for synaptic specificity4,8–10.
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Since the discovery of the classical cadherins the cadherin superfamily has expanded and is now
known to be a large group of calcium-dependent CAMs that are important for forming cell-cell junctions and
other types of cellular interactions8,11. There are different subfamilies of cadherins expressed in vertebrates, the
classical cadherins, desmosomal cadherins, protocadherins, and unconventional cadherins (Figure 2). Each
group is made up of numerous isoforms8,11. The classical cadherins bear the most similarity to the prototypical
cadherin, E-cadherin and all have 5 extracellular cadherin (EC) repeats that bind calcium (Figure 2). The
classical cadherins are subdivided into two groups, Type I and Type II. Type I classical cadherins are defined
by a single tryptophan residue in EC repeat 1 (EC1), which was shown to participate in trans-dimer adhesive
interactions8,9,11–13. The cadherins 1, 2, 3, 4, and 15 are all considered Type I classical cadherins. In contrast,
Type II classical cadherins have 2 tryptophan residues in EC1 that confer a different structural conformation in
the first EC domain4,8,14,15. The Type II classical cadherins consist of cadherins 5, 6, 7, 8, 9, 10, 11, 12, 18, 19,
20, 22 and 24. Altogether, there appears to be 18 isoforms of Type I and II classical cadherins, the significance
of which, in terms of neural development and synaptogenesis will be discussed below.
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Figure 2. Cadherins superfamily of cell adhesion molecules. Cadherins include the classical cadherins
type I and II, desmosomal cadherins, clustered protocadherins and nonclustered protocadherins δ1 and δ2.
The Cadherins consist of extracellular cadherin repeats, a transmembrane domain, and cytoplasmic region.
The extracellular domains of cadherins can participate in homophillic binding while the cytoplasmic domains
can interact with various intracellular signaling proteins. Adapted from reference (11).
1.3 Intracellular interactions of classical cadherins
All classical cadherins typically have extracellular cadherin binding domains and cytoplasmic domains
that interact with the intracellular signaling proteins α-catenin, β-catenin, and γ-catenin4,8,10,12. β-catenin binds
directly to the cadherin cytoplasmic domain and can associate with the cytosolic proteins α-catenin or vinculin,
both of which can interact with the actin cytoskeleton. β-catenin also has a separate function in canonical wnt
signaling, in which it can play a role in differentiation, proliferation, and migration12,16,17. Interestingly, cadherins
can form complexes with these signaling proteins and each of them have been observed in
synaptogenesis12,18,19. Remarkably, the catenins play different roles in the formation of synapses. For instance,
α-catenin and β-catenin are associated with promoting receptor clustering in muscle cells20 thought to be
important in cell-cell adhesion21.
1.4 Intracellular interactions of desmosomal cadherins
The desmosomal cadherins are specialized cell adhesion molecules that function at cell-to-cell
contacts that are exposed to greater mechanical stress (Figure 3). Like with the classical cadherins there are
two subfamilies of desmosomes, the desmocollins (DSC) and desmogleins (DSG). The DSC contain three
types DSC, 1, 2, and 3 while the DSG contain four types DSG 1, 2, 3, and 422,23. The DSCs are thought to be
important for the initial formation of desmosomes and may interact with β-catenin, which is necessary for the
formation of adherin junctions, while DSGs are found to stabilize the desmosome junction24.
Desmosomes contain an extracellular region, and outer and inner dense plaques that can interact with
underlying intermediate filaments. The extracellular portion of desmosomes can interact with other cadherins
while the cytoplasmic region interacts with plaque proteins of the armadillo and plakin protein family, plakoglobin
and desmoplakin, respectively. Studies using electron microscopy reveal that desmoplakin can have alternating
transverse arrangements that is thought to strengthen cell-cell adhesion22,23.
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Figure 3. Desmosome structure. (A) Electron micrograph of a desmosome at a cell-cell junction. (B)
Model of desmosome in contact with the plasma membrane. DSC and DSG interact with neighboring cells
by contact with extracellular core and outer dense plaques (ODP). The cytoplasmic tails of DSC and DSG
interact with plakoglobin (PG) and desmoplakin (DP), and plakophilins (PKP). DP binds to keratin
intermediate filaments (KIF) in the inner dense plaque (IDP) to promote attachment to the plasma
membrane. Adapted from reference (22).
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1.5 Protocadherins
Another cadherin subfamily, the protocadherins (Pcdhs), consists of the nonclustered and clustered
protocadherin genes (see Figure 2). The nonclustered Pcdhs are found on separate genomic loci while
clustered Pcdhs are arranged in a gene cluster. The nonclustered Pcdhs are subdivided into three groups Pcdhδ1, which is comprised of five genes, Pcdh-δ1 1, 7, 9, 11, and 20, Pcdh-δ2, which has 6 genes Pcdh-δ2 8, 10,
12,17, 18, and 19 and ε which contains 4 genes Pcdh 15, 16, 21 and MUCDHL25.
1.6 Intracellular interactions of nonclustered protocadherins
Nonclustered Pcdhs are interesting in that their cytoplasmic region lacks a β-catenin binding domain
that is present in classical cadherins, thought to be important in cell-cell adhesion. Rather, the non-clustered
protocadherins have been observed interacting with protein kinase 2β, which can initiate endocytosis of Ncadherin and can affect spine morphology and number related to pruning events25,26. The nonclustered Pcdhs
have also been observed to disrupt adherin junctions by interacting with Nck associated protein 1, which
regulates actin assembly and promotes cell migration27. Another cytoplasmic protein in nonclustered Pcdhs is
disabled homolog 1, which mediates neural circuit formation adhesion25.
1.7 Clustered Protocadherins
Pcdhs in vertebrates are predominantly expressed in the brain where the identification of cells is
important in forming neural networks (Figure 4). The clustered Pcdh genes are located in tandem on one genetic
locus on chromosome 5q31 in humans. Pcdhs are composed of 3 subfamilies, Pcdh-α made up of 14 isoforms,
Pcdh-β, which has 22 isoforms, and Pcdh-γ that has 22 isoforms28–32. The Pcdh gene cluster is regulated by
epigenetic mechanisms, so that each neuron can have different isoforms present on the surface of cells.
Overall, the epigenetic regulation of the Pcdh gene cluster is thought to determine single cell identity
in the nervous system but the exact places and times during neural development that use this mechanism are
only now beginning to be appreciated. Most of the existing data suggest a role for dendrite self-avoidance or
synaptogenesis in development28–32.
As will be presented later in this thesis, the clustered Pcdhs are the least characterized of the cadherin
family at the cell biological level. Unlike the classical cadherins, their intracellular interactions are poorly
understood and their linkage to the cytoskeleton is unknown. Their role in cell adhesion has been the topic of
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debate although homophilic interaction has been confirmed at the structural level27,28,33. However, their
clustered genomic arrangement and their binding properties make them novel candidates for an important role
in cell recognition in the complex vertebrate brain.
1.8 Homophilic binding of cell adhesion molecules is a basis for cell recognition
Both cadherins and Ig superfamily molecules have multiple family members that generally mediate
what is known as homophilic binding which means that each isoform from the family binds specifically to the
same isoform on opposing cells. Homophilic binding is an important mechanism to ensure that cells or neurites
form appropriate connections and tissue specific interactions during development. In fact, it was shown that
transfection of different cadherins with distinct homophilic specificity can actively drive the segregation of cells
from a mixed population into distinct pools of cells5,6,34,35, both in vitro in dissociated cell aggregation studies,
as well as in vivo in the sorting of different motor neuron pools in chicken embryos36,37. This process has been
termed cell sorting6. This cell sorting mediated by homophilic binding is reminiscent of the sorting experiments
conducted by Townes and Holtfreter in 19552. In vivo, it was shown that sorting of motor neuron pools in
developing chick embryos was mediated by type II cadherins2,36–38.
How this is achieved is still a largely unanswered question in developmental neurobiology. Multiple
types of cell surface interactions play a role in synaptic connectivity including axon pathfinding, fasciulation,
axon branching, dendrite arborization, initial synaptic contact and synapse stabilization and elimination and
different families of CAMs play different roles at each of these stages.
Most critical, however, and still relatively unanswered, are the steps at which axon endings recognize
and make an early synaptic contact followed by subsequent recruitment and accumulation of other components
of the CNS synapse including synaptic vesicles clusters on the presynaptic side as well as neurotransmitter
receptors and associated scaffolding and signaling proteins on the postsynaptic side. Three classes of CAMs
which have been shown to be involved in these events are the cadherins, the neurexins/neuroligins, and the
SynCAMs. Some of these of been shown induce the formation of artificial synapses between axon terminals
and CAM expressing heterologous cells. Nonneuronal cells transfected with neuroligins were observed to
initiate synapse formation by the development of a presynaptic terminal on axons that contact these transfected
cells39. Similarly, nonneuronal cells treated with glutamate and the CAM SynCam, part of the immunoglobulin
superfamily, was also sufficient for the development of synapses by the induction of postsynaptic expression in
nonneuronal cells40.
7

Although cadherins have not been shown to induce artificial synapses in this assay, they still play an
important role in synaptogenesis as shown in several systems in which cadherin activity was blocked. It initially
was found by immunolabeling at the light and electron microscopic levels that N-cadherin and its cytoplasmic
binding protein, β-catenin, were concentrated at CNS synaptic junctions10,41–43. In hippocampal cultures, Ncadherin was found to be initially located at all synapses but redistributed to excitatory but not inhibitory
synapses later in development in culture18,19,44–46. Recruitment of N-cadherin to new synaptic sites was found
to be required for long term potentiation47–51. Blockade of cadherins by dominant negative constructs disrupted
the development of dendritic spines and differential blockade of N-cadherin or cadherin-8 had separate effects
on mossy fiber outgrowth and dendrite arborization in CA3 of hippocampus52–55. In cadherin-6 knockout mice,
a retinal ganglion cells that normally express this cadherin failed to innervate their correct targets55,56. Similarly,
cadherin-7 knockouts have defects in cerebellar mossy fibers, which severely impacted synapse formation4,57.
1.9 Classical cadherins and protocadherins as a neural code
It has been hypothesized that multiple isoforms of different CAMs could provide a level of specificity
needed for the generation of correct patterns of neural connectivity at the synapse level58,59. This would require
an enormous number of possible binding interactions between cells. The cadherins and related proteins have
been proposed to play such a role60. Cadherins are divided into the classical and non-classical subgroups which
together comprise approximately 18 different isoforms with homophillic specificity. Given the complexity of the
vertebrate brain, it seems unlikely that the classical cadherins could be the mediator of the fine level of synaptic
specificity that is needed to ensure correct wiring among the trillions of synapses in the brain.
During a search for Fyn binding proteins at the synapse, Kohmura et al. discovered a diverse family of
approximately 20 cadherin-like proteins that they termed the cadherin neural receptors (CNRs)7. It was noted
that each CNR gene had a portion of its cytoplasmic domain identical among all CNRs. About 2 years later, the
Maniatis group identified additional genes that resembled the CNRs and together this new gene family was
termed the clustered protocadherins (Pcdhs) which comprised about 60 unique genes that was located in a
striking gene cluster on chromosome 5q31 in humans and 18 in mouse27,61–63. This gene cluster was divided
into subclusters of alpha, beta, and gamma. The alpha and gamma clusters are further divided into additional
subfamilies. The focus of this thesis will be primarily the Pcdh-γA subfamily.
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Figure 4. Pcdh gene cluster generates single cell identity. (A) Clustered Pcdhs are encoded by three
tandem gene clusters, α, β and γ. Individual exons (white bars) encode 14, 22, and 22 different Pcdh
proteins within the clusters. At the end of the α and γ clusters are constant exons (black bars) that encode
a constant cytoplasmic domain appended, by RNA splicing, to all Pcdhs within that cluster. The β cluster
lacks a constant domain. Below is an example of how one Pcdh-γ (Pcdh-γA3) is generated by splicing. For
each Pcdh, the extracellular domain and approximately half of the cytoplasmic region has been termed the
“variable” portion (VCD) while the remaining cytoplasmic region is the “constant” domain. The αC1-2, and
γC3-5 are ubiquitously expressed in all neurons. The other isoforms are regulated epigenetically to create
distinct repertoires in each neuron, generating what has been termed a single cell “barcode.” Red asterisks
indicate the Pcdhs that we use as examples of each cluster.

\
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Interestingly, in the alpha and gamma clusters there are “constant” exons that are spliced onto the 3’
end of each “variable” exon generating a different extracellular and part of the intracellular domain with an
identical cytoplasmic domain in the alpha and gamma clusters. The constant domains are both approximately
120-150 amino acids long, leaving approximately 85-95 amino acids of the cytoplasmic domain for these
molecules encoded by the unique exon for each isoform. This part of the cytoplasmic domain for each Pcdh
has been termed the “variable cytoplasmic domain” or VCD. As will be discussed later in this thesis, the constant
domain appears to interact with certain signaling proteins while the VCD has activity that affects the intracellular
trafficking of Pcdhs. In contrast to the alpha and gamma clusters, the beta cluster does not have a constant
domain. It was later found that similar, yet divergent clusters could be found in all vertebrates suggesting an
important role in evolution of the vertebrate nervous system. The only invertebrate found to have a cluster of
protocadherin genes in the octopus although this gene cluster has a much different organization than that found
in vertebrates64,65.
Pcdhs have been shown to have the highest expression in the nervous system although expression
has been detected in non-neural cells at low levels66. Their high levels of expression in the brain suggests an
important role for the interaction of developing neurons as well as glial cells. The clustered arrangement of the
Pcdh genes has been shown to allow epigenetic control that allows expression of a small number of different
Pcdh isoforms in individual neurons. This epigenetic control occurs partially through methylation of individual
promoters upstream of each Pcdh isoform as well as control of the 3-dimensional chromatin structure of the
Pcdh locus by CTCF/cohesion interactions that restrict some isoforms from transcription67,68.
As noted below, the adhesive activity of Pcdhs is not as obvious as that of the classical cadherins.
However, the extracellular domains of Pcdhs have been studied by X-ray crystallography and the adhesive
interactions have been modeled27,69,70. Structural studies have shown that each Pcdh binds homophilically and
it has been proposed that an adhesive unit composed of an alpha, beta, and gamma could come together on
the cell surface generating 1 out of 234,256 possible specific configurations27,69,70. Thus, the Pcdh adhesive
code may have the complexity necessary for a role in synaptic specificity.
1.10 Clustered Pcdh activity in cells and in vivo
After their discovery, classical cadherins were shown to induce calcium dependent cell-cell aggregation
in vitro when transfected into the non-adhesive L cell line71. Classical cadherins have a cytoplasmic domain
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that binds to proteins termed catenins that link the cadherin cytoplasmic domain to the actin
cytoskeleton10,12,18,72,73. This anchorage results in a strengthening of adhesion and resultant recruitment to sites
of strong cell-cell contact such as the adherens junction and the CNS chemical synapse. Deletion of the
classical cadherin cytoplasmic domain results in the loss of catenin binding and shows weaker cell-cell
adhesion72,74. Upon discovery of the Pcdhs, it was found that these proteins did not induce the robust cell
aggregation33 observed for classical cadherins although their structural studies confirmed homophilic binding75.
As will be noted below, a possible reason for the lack of robust in vitro adhesion may stem from the fact that
Pcdhs, when expressed in cells, are largely intracellular in contrast to the classical cadherins.
In 2002, Joshua Sanes laboratory generated a null mouse for the Pcdh-γ gene cluster76. These mice
died within 12 hours after birth, were unable to nurse, and exhibited irregular breathing. In this study, the authors
focused on spinal cord development which was found to be smaller at embryonic day 18. Most axon tracts and
synaptic contacts were found to be normal at this stage although the number of synaptic puncta were reduced.
Interestingly, these mice exhibited a large amount of cell death and these neurons died even when they were
placed in culture indicating a cell autonomous role for Pcdhs in neuron survival. In later studies, the Sanes
group crossed these mice with a Bax knockout mice which reduced apoptosis77–79. In this case, the mice
exhibited dramatically reduced synaptic puncta in the spinal cord and abnormal synaptic physiology. However,
in the retina, it was found that circuit formation was normal when apoptosis was prevented. Other studies in the
retina found that Pcdh-γ deletion caused a loss of self-avoidance in cells with planar dendrites (starburst
amacrine cells)30,80. The authors also found a loss of self-avoidance in cerebellar Purkinje cells, which also
have planar dendrites.
Less is known about the effects of knockout of the Pcdh-α or Pcdh-β clusters. Loss of the Pcdh-α
cluster causes defective axon projections in the olfactory and visual sensory projections and in other cortical
projections81,82. Deletion of Pcdh-α or Pcdh-β cluster or deletion of both of these clusters did not cause the
extensive cell death as did deletion of the Pcdh-γ cluster79,80,83,84. On the other hand, deletion of other clusters
in combination with the Pcdh-γ cluster exacerbated the cell death observed upon deletion of the Pcdh-γcluster
alone79,80,82–84.
Clustered Pcdhs including the Pcdh-γs were shown by proteomic analysis to interact with the kinase
Pyk2 and this interaction was shown to mediate their effects on cell survival82,84. This interaction occurred via
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the constant domain82,84. Interestingly, Pyk2 also interacted with the Pcdh-α constant cytoplasmic domain
despite a lack of similarily with the Pcdh-γ constant cytoplasmic domain. Signaling pathways downstream of
Pcdhs include the FAK/PKC/MARCKS pathway. Pcdh-α and Pcdh-γ have been observed to decrease
apoptosis and promote neuron survival in in vivo and in vitro studies85,86. Another downstream signaling
pathway is Wnt/β-catenin, in which Pcdh-γC3 has been observed to suppress and control tumor growth81,87,88.
Pcdh-γs are also involved in the suppression of the neuroligin/ neurexin pathway. This has been observed to
regulate spine density and synapse formation in hippocampal neurons89. Pcdhs are also expressed in
astrocytes and knockout in these cells reduced dendritic complexity indicating a role for Pcdhs in astrocyteneuron contact82,90.
The combined evidence from the in vivo studies suggests two possible roles for Pcdhs in neural
development. On one hand, the Pcdhs seem to be important for astrocyte-neuron interaction in dendritic
branching, which suggests an adhesive role. On the other hand, Pcdhs seem to mediate self-avoidance of
dendrites of planar neurons such as starburst amacrine cells and Purkinje cells, which suggests an “antiadhesive” role. Studies in vitro showed that these molecules, both endogenous and expressed, are largely
intracellular. It has been proposed that their intracellular distribution may reflect a trafficking mechanism that
regulates Pcdh adhesion. Outlined below is a summary of cell biological studies that support this hypothesis
1.11 Cell biological activity of Pcdhs
As discussed above, it is clear the Pcdhs are enigmatic cell adhesion molecules that must play a critical
role in neurodevelopment given that they are expressed in unique combinations of adhesive units on individual
neurons throughout the nervous system. The arrangement of approximately 60 Pcdhs encoded by single exons
arranged tightly in a 750kb gene cluster divided into the α, β, and γ subgroups on chromosome 5 in humans
and the distinct expression of Pcdh isoforms on each cell regulated by epigenetic mechanisms27,28,91–94 suggest
a novel role in neurodevelopment that has yet to be elucidated despite the phenotypes observed for the
knockout animals. As will be shown, their cell biological activity is consistent with both adhesive and antiadhesive roles in development.
The splicing of Pcdhs results in the generation of a unique Pcdh-γ that is composed of a cadherin
extracellular domain, a variable cytoplasmic domain (VCD), and a constant domain. It has been suggested that
the complex arrangement of Pcdhs may establish a “surface barcode” for neurons that possibly regulate
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synaptic recognition and single cell identity27,31,32,70. There have been 2 opposing activities for Pcdhs in neural
development. The recognition system may be important for the initiation of self-avoidance28,30,80,95,96 suggesting
an antiadhesive function for Pcdhs. However, the pro-adhesive function of Pcdhs in neuron-astrocyte
interaction suggest that Pcdh adhesion could stabilize cell-cell interactions, possibly at the synapse. 1.12.
Pcdhs are associated with synapses
1.12. Pcdhs are associated with synapses
Adhesive proteins are critical for synaptic development9,97–102 and have been observed localized at
synapses by immuno-electron microscopy (Figure 5). Several families of CAMs that operate at synapses
including cadherins and Pcdhs10,60,97 have been localized to the CNS synaptic cleft or adjacent membranes. It
has been proposed that synaptic CAMs can mediate homophilic binding and trans-synaptic interactions, both
stabilizing

synapses

and

specifying

connectivity32,63,70,89,103–105.

When

the

clustered

Pcdhs

were

discovered7,69,70, they were thought to be an important mediators of synaptic connectivity given their
resemblance to the adhesive classical cadherins, their prominent neural expression106, the large number of
isoforms (~60), and their differential expression in otherwise homogeneous populations of neurons. Thus Pcdhs
were thought to be the elusive “synaptic adhesive code”9. However, cell biological and knockout studies have
not yet confirmed this. Some new studies from our lab and others seem to point to a much different role for
Pcdhs in modifying the synapse30,31,80.
1.13. Pcdhs have cell-cell binding activity but are mostly intracellular
Pcdhs resemble classical cadherins but adhesive activity was difficult to detect107–111 in conventional
adhesion assays6. This property has casted doubt on whether or not Pcdhs are genuine adhesion molecules.
In addition, immunostaining of cultured neurons93 or quantitative immuno-EM, using an antibody to the Pcdh-γ
constant cytoplasmic domain showed that endogenous Pcdh-γs were primarily intracellular in synaptic
compartments in contrast to classical cadherins (Figure 5)112,113. Therefore, if Pcdhs are not very adhesive and
located primarily in intracellular compartments in cell lines and developing neurons in culture, what are they
doing?
It was shown that Pcdh-γ staining in neuron cultures was punctate but rarely at the cell surface112,113.
This coincides with other studies outlined below, which have indicated that most Pcdhs are observed in
intracellular compartments, mostly within the late endosome112,113. Most interestingly, it was found that the Pcdh
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Figure 5. Pcdh localization relative to synapses. (A) Cultured neurons were immunostained with
antibodies to the Pcdh-γ constant cytoplasmic domain (green) as well as anti-PSD95 (red) to label
postsynaptic densities, and anti-vGlut (blue) to label presynaptic terminals. (B) Pcdh-γ does not
precisely colocalize with synapses but can overlap at times with synaptic markers. It also was found
in intracellular compartments (C) Immunoelectron microscopy of Pcdh-γ reveals the molecule is
expressed within pre and post synaptic compartments. (D) Immunoelectron microscopy of N-cadherin
shows that it is primarily at cell-cell junctions. Adapted from references (112,113,120,210).
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VCD was necessary for intracellular retention to these compartments and not the constant domain112–115. Only
when a region of the VCD of Pcdh-γA3 is deleted (γA3∆190) trafficking to the late endosome was disrupted
targeting Pcdh-γA3 to the cell surface (Figure 6).

Figure 6. Pcdh-γ intracellular retention is mediated by cytoplasmic interactions. (A) Expressed PcdhγA3-GFP, is mostly intracellular in HEK293 cells and largely absent from cell-cell interfaces. Deletion of the
constant cytoplasmic domain and most of the VCD (γA3-∆190-GFP) caused the molecule to be efficiently
transported to the cell-cell interface (arrowheads) where it can engage in homophilic interactions. (B) The
same situation is observed in hippocampal neurons. Pcdh-γA3-GFP is largely intracellular and inaccessible
to a surface epitope antibody (red channel) under non-permeabilizing conditions.
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Figure 6. Continued. The cytoplasmic deletion is more efficiently targeted to the surface and more
efficiently labeled with the surface antibody in the absence of permeabilization. (C) High magnification
images of surface (arrow) and intracellular (arrowhead) Pcdh-γA3-GFP. (D) Quantification of puncta labeling
with the surface antibody. Adapted from references (110, 113).
This suggests that the VCD of Pcdh-γA3 is critical for trafficking, specifically targeting the molecule to
intracellular compartments, such as the late endosome. This also indicated for the first time that the extracellular
domains could indeed mediate adhesion but that this activity was restricted by the action of the cytoplasmic
domain. Thus, the cytoplasmic domain must contain a critical “switch” that regulates the activity of the adhesive
domain.
1.14. Mapping amino acids necessary to Pcdh-γ trafficking
Deletions were generated to determine the impact of the cytoplasmic domain on Pcdh trafficking. Using
a combination of colocalization with vesicular markers and correlative light and electron microscopy113,116,117, a
26 amino acid segment within the VCD was mapped and shown to be critical for Pcdh-γ trafficking to intracellular
compartments (Figure 7). Deletions or truncations within this 26 amino acid segment disrupts trafficking to the
late endosome115,116.
The Pcdh-γA3 trafficking motif is similar to most Pcdh-γ isoforms and is conserved within the α and β
subfamilies of clustered Pcdhs31,115. The importance of this region for trafficking in Pcdh-γA3 and the presence
of similar trafficking sequences in the VCD of other subfamilies may suggest that this region is a critical
component for the mechanism of self-avoidance.

16

Figure 7. Clustered Pcdhs have a conserved motif in the VCD. (A) The trafficking motif was mapped by
CLEM as well as by antibody colocalization (not shown). Deletion of 163 residues from Pcdh- γA3 preserved
native trafficking. Truncation of 183 residues changed the type of organelle that harbors the molecules to
an early endosome. Deletion of 3 more residues shifts the molecule out of the endolysosomal pathway,
and, when found intracellularly, accumulates in whorled ER membranes as does the further ∆190 deletion.
(B) The truncations suggest two separable activities in the Pcdh-γA3 VCD, one that mediates late endosome
trafficking and one that mediates endocytosis. (C) Similarity of the VCD trafficking motif among Pcdhs. The
Pcdh-α1 motif contains a basic region which could convey unique trafficking. Adapted from references (112,
113).

1.15. Model for Pcdhs in adhesion and self-avoidance
Avoidance of same cell dendrites, known as self-avoidance, has been described in Drosophila96,118–121
and mammals29,30,122 as forming and maintaining proper dendrite arbors and spacing. In Drosophila, alternate
spliced forms of the immunoglobulin superfamily molecule Dscam mediates self-avoidance, while in
vertebrates, it has become clear that a family of cell adhesion molecules, Pcdhs, facilitate self-avoidance. Both
Dscam and Pcdhs mutants have been shown to cause dendritic arbor collapse and abnormal filipodia-like
extensions that form connections between dendrites. These abnormal “dendritic bridges” have been observed
in a previous study on autistic patients by the Clarity method highlighting the importance of understanding the
key molecules and mechanisms that may initiate self-avoidance123.
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Figure 8. Model for Pcdh trafficking with respect to function. (A) Segment of the VCD found to be
critical for trafficking in the endolysosome system and for cytoplasmic cis interactions (VCD motif).
Segment was initially mapped in Pcdh-γA3 and similarities are found in other Pcdhs. (B) Identified Pcdh
domains with a role in trafficking. Extracellular cadherin repeats 1–4 are involved in adhesion while the
cadherin repeat 6 mediates cis interaction that can promote surface delivery. On the cytoplasmic side, the
VCD motif can participate in cis interactions and this segment is also important for endolysosomal trafficking
of the molecule. . At the carboxy terminus of the constant domains for Pcdh-γs and Pcdh-αs is a polybasic
region that, for Pcdh-γs, can interact with phospholipids with effects on signaling. It is possible that the
polybasic region can also influence Pcdh trafficking. (C) A model for how trafficking might alter adhesion.
Adhesion between membranes expressing matching Pcdhs will cluster Pcdhs and other adhesion
molecules at the junction. Under certain conditions, Pcdh adhesive clustering and/or cis interaction might
trigger membrane curvature and endocytosis which could also cause the internalization of other adhesion
molecules. Trafficking of the internalized complex would be directed to the late or recycling endosome via
trafficking signals in the Pcdh VCD motif. Here, Pcdhs might be involuted into interior vesicles of the
multivesicular body due to the association with endosomal sorting complexes required for transport (ESCRT
complex). These interior vesicles, containing both Pcdhs and other adhesion molecules, could be destined
for degradation in the lysosome or possibly secreted as exosomes. This could essentially be a mechanism
by which Pcdhs downregulate adhesion after surface membrane recognition. Based on the ultrastructure
of Pcdh containing organelles, Pcdhs may be sorted into tubules that emanate from the endosome and
which could indicate recycling to the cell surface. Potential intracellular markers that are being used to study
whether Pcdhs are recycled to the surface are indicated. These include LC3, which plays a role in tubulation,
as well as the retromer, WASH (WASP and SCAR homologue) and sorting nexin complexes, involved in
sorting cargo to endosomal subdomains. Actin can also play a role in sorting cargo in endosomes. Adapted
from reference (31).
Pcdhs are known to be adhesive molecules, so how can they also regulate self-avoidance? Our model
suggests that the homophilic cis-interactions on adjacent membranes may cause the clustering of Pcdhs and
other cell adhesion molecules at cell junctions that under certain circumstances may cause membrane
curvature and endocytosis (Figure 8)31. Other adhesion molecules may also be internalized due to Pcdh
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complexes. Once internalized Pcdhs may be trafficked to the late or recycling endosome where endosomal
sorting complexes (ESCRT complex) may cause the involution of Pcdhs and other cell adhesion molecules into
multiple vesicular bodies, directing them to the lysosome or secreting them as an exosome.
1.16. Regulation of receptor function by endocytosis
The possible role of clathrin mediated endocytosis (CME) and endosomal trafficking in Pcdh function128
has prompted the search for similar mechanisms in other receptors124–126. CME is critical for many aspects of
surface receptor regulation at the cell surface. Downregulation, recycling, signaling, and the transcytosis of
receptors involves the endocytic pathway127,128. Many receptor families have been shown to be regulated by
internalization and further processing in the cell including receptor tyrosine kinases, low density lipoprotein
receptors, transferrin receptors, GPCRs, and cell adhesion molecules31,124–126,129,130. While the use of CME in
protein trafficking has been well studied the mechanism still remains elusive and the factors involved are still
not completely known. New proteins are being discovered that can initiate or modify endocytosis and protein
trafficking for cell communication. It will be important to characterize the factors that regulate CME given the
role of this process in myriad activities in the cell.
I will briefly summarize the role CME plays in the trafficking and regulation of different families of
receptors, followed by a focus on various cell adhesion molecules including an emerging prominent role in
trafficking of the clustered protocadherin family of neural adhesion molecules.
1.17. Regulation of receptor tyrosine kinases by CME
The tyrosine kinase family has been associated with many activities within the cell and can include
growth, differentiation, metabolism, and programmed cell death124,131–133. Tyrosine kinases may play different
roles depending on whether the protein is part of the receptor class and found spanning the membrane or the
non-receptor class and observed within the cytosol. The receptor tyrosine kinases have been well characterized
and include several subfamilies including the epidermal growth factor (EGF), fibroblast growth factor (FGF),
and ephrin receptor family, insulin-like growth factor (IGF), macrophage colony stimulating factor (M-CSF),
nerve growth factor (NGF), and vascular endothelial growth factor (VEGF)133. These subfamilies can participate
in bidirectional signaling leading to opposing functions, which may be dependent on a specific ligand- receptor
interactions. Interestingly, the tyrosine kinase Eph/Ephrin complexes can regulate adhesion through bidirectional signaling134,135. High affinity interactions can initiate ectodomain cleavage and subsequent
endocytosis to reduce surface expression134,135. Other factors that can contribute to the type of response elicited
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by the cell depends on whether the receptor forms clusters at specific regions in the membrane, currently
referred to as hot spots136,137. It is likely that other receptor proteins organize in this arrangement prior to CME.
Notably, further trafficking through the endosome system dissociates the receptor ligand interaction
and attenuates signaling upon ligand binding to RTKs that causes activation of the kinase domain, RTKs are
normally rapidly endocytosed and then trafficked to a sorting endosome (CURL vesicles) where the receptors
and ligands are dissociated124. Receptor recycling is regulated by the endosomal sorting complex (ESCRT) and
sorting nexins (SNX)138. Target lysines can be ubiquitinated, which is recognized by ESCRT machinery and
targeted to the endolysomal system for degradation139. The receptors can also interact with SNX that contain a
bin amphiphysin rvs domain (BAR) and associate with the retromer complex, thought to be important for
creating endosome tubules important for transport to the golgi or cell surface140.
Each receptor protein has signaling sequences that are present in the cytoplasmic domain that are
important for endocytosis. Some common sequences include NPXXY for receptor sequestration, NPXY for
endocytosis and sorting, GDAY for receptor recycling141–144. Mutations within these motifs affects the
conformation of the receptor and prevents endocytosis141,145.
It is also known that there are different mechanisms employed to direct tyrosine kinase activity and
encourage receptor signaling events. We know from experiments involving Eph/Ephrin family of receptors that
they can engage in signaling actions that can include anterograde and retrograde transport of receptor
complexes134,135,146. Specialized signaling endosomes that contain neurotrophins and semaphorin3A can
initiate signaling events that lead to repulsive mechanisms147,148. It has become evident that retrograde signaling
events can promote anterograde transport and the transendocytosis of Ephrin receptor complexes can trigger
contact mediated cell-cell repulsion that is clathrin and actin dependent.
1.18 Low density lipoprotein receptors protein-protein interaction in endocytosis
Lipoprotein receptors are protein-lipid complexes present on a variety of cell surfaces embedded in the
plasma membrane125. These receptors were once known to be interacting exclusively with lipid rich molecules;
however, it has become increasingly evident that they can interact with a wide variety of ligands important for
regulating cell communication. These ligands include apolipoproteins, fibronectin, frizzled, muscle-specific
receptor tyrosine kinase, and reelin. Interestingly, these receptors may have as many as four ligand binding
domains125. The receptors can regulate many processes within the cell through proteolytic processing that leads
to shedding of the extracellular domain that may be important for signaling transduction and that may regulate
20

gene expression125,149,150. It is known that these receptors have been observed interacting with members of the
tyrosine kinase family and other signaling factors, such as bone morphogenetic proteins (BMPs), TGFβ, and
Wnts to carry out major events in development125. Surprisingly, it was found that the lipoprotein receptors can
interact with other proteins to stimulate the partitioning of TGFβ to activate either clathrin independent or clathrin
dependent mechanisms of endocytosis125,151–153. For instance, the cytoplasmic domain of low density lipoprotein
receptors can interacts with the E3 ligase IDOL and can initiate endocytosis following ubiquitination events125.
Low density lipoprotein receptor ubiquitination can act as a sorting signal for degradation or recycling149.
1.19 Transferrin receptor trafficking is organized
Transferrin receptor is an important carrier protein needed to import iron into the cell. Transferrin
engages in CME and has been studied extensively. It is thought that endocytosis is a well-organized event that
is initiated at the cell surface by adaptor proteins, such as AP2154,155. The clustering of the receptors may
determine the intracellular path leading to the recycling endosome127,156,157.
It is recognized that there are two types of early endosomes based on kinetics, static and dynamic158,159.
Studies used in understanding Transferrin trafficking have characterized the importance of endocytosis, sorting,
and recycling in receptor function158,159. The transferrin receptor has been associated mostly with the static
early endosome, leading to tubule formation, which are intermediates in receptor recycling to the cell surface.
1.20 G-protein coupled receptors (GPCRs)
GPCRs are a family of cell surface receptors found in eukaryotes. GPCRs couple with G-proteins and
can elicit intracellular signaling cascades that can lead to a many physiological roles, regulating sensory
functions, homeostasis, and tumor growth130,160,161. It was once thought that ligand binding that causes the
internalization of the receptor complexes can inactivate GPCRs, however it has been shown that this can lead
to long-term signaling events130,160,161. Therefore, it is clear that GPCRs function is controlled by endocytic
mechanisms. Each event may be different depending on the adaptor protein associated with the GPCR and
the extent of cAMP signaling cascades.
1.21 Downregulation of cadherins in cancer
Cadherins are critical for cell-cell adhesion. Their interaction with β-catenin is important for mediating
contact with the actin cytoskeleton thereby reinforcing the adhesion between cells. The interaction between
cadherins and β-catenin can also play a role in the immune system, where β-catenin can interact with tumor
suppressors, T-cell factor, and lymphoid enhancer factor transcription factors11,74,162. The down regulation of E21

cadherin and β-catenin has been observed to reduce cell-cell adhesion and increase cell metastasis in many
types of cancers, such as colon, lung, and skin cancer11,74,162–164.
1.22 Transendocytosis of L1/Ng-CAM
CAMs can also be regulated through transendocytosis, a process that promotes the sorting and
movement of proteins from one part of the cell to another, epithelial cells and neurons. For instance, Ng-CAM
has a signaling sequence in its cytoplasmic domain that is recognized by the clathrin adaptor AP-1B, which has
been observed to regulate Ng-CAM transcytosis from the basolateral to apical surface165,166. Ng-CAM contains
a tyrosine residue (YRSL) that can be regulated by its phosphorylation by preventing its recycling to the
basolateral surface and targeting the molecule to the apical surface in epithelial cells. Mutation within this Cterminal domain prevents transcytosis and apical expression165,166. Additional observations in neurons
demonstrate that Ng-CAM can be transported from the somatodendritic to axonal region of the cell165,166,
however the factors involved in neurons are still yet to be understood.
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CHAPTER 2
Gamma-protocadherin localization at the synapse is associated with parameters of synaptic
maturation
2.1. Abstract
Clustered protocadherins (Pcdhs) are a family of ~60 cadherin-like proteins (divided into subclasses α, β, and
γ) that regulate dendrite morphology and neural connectivity. Their expression is controlled through epigenetic
regulation at a gene cluster encoding the molecules. During neural development, Pcdhs mediate dendrite selfavoidance in some neuronal types through an uncharacterized anti-adhesive mechanism. Pcdhs are also
important for dendritic complexity in cortical neurons likely through a pro-adhesive mechanism. Pcdhs have
also been postulated to participate in synaptogenesis and connectivity. Some synaptic defects were noted in
knockout animals, including synaptic number and physiology, but the role of these molecules in synaptic
development is not understood. The effect of Pcdh knockout on dendritic patterning may present a confound to
studying synaptogenesis. We showed previously that Pcdh-γs are highly enriched in intracellular compartments
in dendrites and spines with localization at only a few synaptic clefts. To gain insight into how Pcdh-γs might
affect synapses, we compared synapses that harbored Pcdh-γs versus those that did not for parameters of
synaptic maturation including pre- and postsynaptic size, postsynaptic perforations, and spine morphology by
light microscopy in cultured hippocampal neurons and by serial section immuno-electron microscopy in
hippocampal CA1. In mature neurons, synapses immunopositive for Pcdh-γs were larger in diameter with more
frequent perforations. Analysis of spines in cultured neurons revealed that mushroom spines were more
frequently immunopositive for Pcdh-γs at their tips than thin spines. These results suggest that Pcdh-γ function
at the synapse may be related to promotion of synaptic maturation and stabilization.
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2.2. Introduction
The specificity of wiring of the vertebrate nervous system is achieved at several levels or stages during
embryonic and postnatal development. Postmitotic neurons must elaborate dendritic arbors in the correct
spatial orientation as well as send axons out along proper trajectories. Later in development, axons interact
with the dendrite to form excitatory synapses. In large part, these developmental processes are facilitated by
the action of cell-surface adhesion and recognition proteins167 that allow neuronal outgrowths to sense their
environment and respond accordingly.
It has been proposed that cell adhesion molecules also establish a system of suitable specificity that can
restrict interactions between the enormous number of neurons and glial cells. One group of cell adhesion
molecules, the clustered protocadherins (Pcdhs), a family of ~60 adhesion molecules encoded on a large gene
cluster69,168, fulfills these criteria. Members of the three subclasses of Pcdhs (α, β, and γ) are expressed
stochastically through epigenetic regulation67,169–171. A combination of molecules from the three subclasses
generates a unique homophilic recognition unit70,104,172,173 on neuronal surfaces.
In vertebrates, these cell-specific recognition units, presumed to be identical on the surfaces of samecell dendrites, most likely are primary mediators of dendritic self-avoidance in certain neurons that have planar
dendrites such as the retinal starburst amacrine cell and the cerebellar Purkinjie cell, as demonstrated in Pcdhγ conditional null animals30,80. Other roles for Pcdhs in dendrite elaboration174 have been observed. This role
does not appear to involve same cell recognition but rather astrocyte-dendrite interaction103,175 in cortical
neurons. It is possible that there are different modes of Pcdh interactions, those between same cell processes
and those between different cells and that these modes may have different outcomes in terms of positive or
negative effects on cell adhesion.
Overall, the roles of Pcdhs in early neurodevelopmental events, such as dendrite103,175 and axon77,176–181
outgrowth, have been the most studied. However, Pcdhs remain expressed long after these events have
ended106,112. Pcdhs are located at some excitatory synapses at 1 month postnatally in rodents at the synaptic
cleft and within intracellular synaptic compartments in vivo and in cultures76,112–114. Pcdhs have been shown to
participate in synaptic development, but the exact role may depend on cell type. For example, mice lacking
Pcdh-γs exhibit deficits in synaptic numbers and physiology in spinal cord neurons78, but increased synapses
in cortical neurons with an increase in the number of thin, immature spines89. In contrast, other groups reported
that Pcdh-α and -γ knockout or knockdown caused reduced synaptic numbers in hippocampus174. Knockout of
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a subset of Pcdh-γs expressed constitutively in all neurons (Pcdh-γC3-5) reduced the density of inhibitory
synapses in cultured hippocampal neurons182. A possible confound to studying synaptogenesis in these
knockout experiments is that the reduced dendritic complexity due to Pcdh knockout might itself affect synaptic
density, thus necessitating a different approach to confirm a role for Pcdhs at the synapse. Pcdh-γs can interact
with various synaptic and signaling molecules85–87,89,183–185 but which of these coordinate with Pcdhs to affect
synaptic development is still unknown. It has been hypothesized that Pcdhs play a role in late synaptic
developmental events98.
It is known that synaptic stability and maturation are associated with a widening of the synapse and
dendritic spine head (reviewed in 186). The appearance of perforations in the postsynaptic density has also been
associated with an increased number of AMPA receptors which is suggestive of a mature and strengthened
synapse187–189. Synaptic perforations have also been associated with LTP induction190.
Antibodies that detect Pcdh-γs label striking punctate structures in vivo and in cultured hippocampal
neurons that are thought to represent trafficking organelles but also, at times, overlap with synaptic
markers76,112,114,191. We asked whether synapses positive for Pcdh-γs exhibit differences in terms of diameter
and perforation status relative to unlabeled synapses. Using serial section immuno-electron microscopy in vivo
and confocal microscopy of immunolabeled cultured neurons we compared synapses that harbor Pcdh-γs to
those that do not for these parameters of synaptic maturation. In mature neurons at 21 days in vitro (DIV), we
found that Pcdh-γ positive synapses were significantly larger and were more likely to be perforated. When Pcdhγs were located near the tip of the dendritic spine, that spine was more likely to be of the mushroom type. These
results suggest that Pcdh-γs could be associated with stabilization and maturation events of excitatory synapses
in hippocampus.
2.3. Materials and Methods
1. Hippocampal neuron cultures and labeling. Neurons were cultured in triplicate from embryonic
day 18 rat embryos as described previously112,114 and grown for 12 or 21 DIV. In some cases, neurons were
transfected at 15 DIV with pEGFP-n1 to fill dendrites with GFP and grown for an additional 7 days as
described114. For synaptic measurements, neurons were fixed and immunolabeled with an affinity purified
antibody raised against the Pcdh-γ constant cytoplasmic domain112. This antibody was validated191 by showing
that it labels the same puncta as labeled with a commercially available monoclonal antibody to the Pcdh-γ
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constant domain (clone 195/5, UC Davis/NIH NeuroMab Facility). For synaptic labeling, neurons were
colabeled with goat anti-PSD-95 (Abcam Cat# ab12093, RRID:AB_298846) and mouse anti-vesicular
glutamate transporter 1 antibody (anti-vGlut) (Millipore Cat# MAB5502, RRID:AB_262185). For spine
measurements, GFP filled neurons were stained with anti-Pcdh-γ only.
2. Confocal image analysis. Images were obtained with a Zeiss LSM510 META confocal microscope.
Double and triple label z-stack images were acquired in multi-track mode at 4 times line averaging with a 63x/1.4
NA oil DIC objective. Z-stacks were flattened by maximum projection for image analysis. Images were imported
into NIH Image J as separate channels for colocalization analysis. 100 distinct synapses were mapped and
assigned a region of interest (ROI) along the length of the dendritic tree in each neuron using the antivGlut/PSD-95 colocalized images. Then, the Pcdh-γ channel was merged separately with the PSD-95 channel
or the vGlut channel. Pixels in which Pcdh-γ colocalized with either synaptic marker were detected with the
RG2B colocalization plugin which generates a new image of the colocalized pixels. The colocalization images
were used to map and save regions of interest (ROIs) using the ROI manager in Image J. Synapses that did
not show Pcdh-γ colocalization with PSD-95 and/or vGlut were also mapped. To identify synapses in which
Pcdh-γs overlapped simultaneously with PSD95 and vGlut, images representing the colocalized pixels from
Pcdh-γ/PSD-95 and Pcdh-γ/vGlut were loaded into separate channels and subjected again to the RG2B
colocalization plugin which resulted in an image map containing pixels of colocalization for all three markers.
ROIs of synapses from Pcdh-γ/PSD-95, Pcdh-γ/vGlut and Pcdh-γ/PSD-95/vGlut colocalization, as well as
unlabeled synapses, were saved and remapped onto the original single channel PSD-95 or vGlut images. The
area and average pixel value of the synaptic PSD-95 and vGlut punctum was determined in Image J for all
synapses and averaged over 3 neurons.
3. Animals. All animals used in this study were in accordance with the Institutional Care and Use
Committee (IACUC). Postnatal day 30 Sprague-Dawley rats were prepared for electron microscopy by freeze
substitution and low temperature embedding as described previously191. A single brain was chosen based on
sufficient morphology and antigenicity for serial section immuno-electron microscopy.
4. Serial sectioning. The block was roughly trimmed using a single edge, heavy duty razor blade.
Then, it was finely trimmed to include a narrow area of CA1 including the dorsal pyramidal layer and stratum
radiatum using a Diatome trimtool 20 (Diatome). Serial 70 nm sections were cut with a 45° diamond knife
(Diatome) using a Leica UCT Ultramicrotome. Ribbons of ~5 sections were oriented and collected on
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formvar/carbon coated nickel slot grids (Electron Microscopy Sciences) using a perfect loop (Electron
Microscopy Sciences).
5. Postembed immunogold labeling and staining. Grids were loaded into a Chien staining pad (Ted
Pella) and sections were immunolabeled with an affinity-purified rabbit polyclonal antibody generated against
the mouse Pcdh-γ constant cytoplasmic domain112 diluted 1:5 in 20 mM Tris pH 7.4, 20 mM NaCl, 3% BSA and
1% Triton-X 100 overnight in a humidified chamber. The sections were then washed three times with 20 mM
Tris pH 7.4, 20 mM NaCl and incubated with secondary 15 nm gold-tagged goat-anti-rabbit IgG F(ab’)2
(Electron Microscopy Sciences) diluted 1:10 in 20 mM Tris pH 7.4, 20 mM NaCl, 3% BSA and 1% Triton-X 100,
overnight in a humidified chamber. The grids were washed again three times and then rinsed once with
deionized water.
The sections were stained with 4% uranyl acetate for 40 minutes in a dark chamber and washed three
times with deionized water. The grids were then stained with Reynold’s lead citrate for 30 seconds and washed
three times with deionized water. The grids were left to dry before imaging.
6. Acquisition of serial images and EM image analysis. Serial images of CA1 stratum radiatum were
acquired using a Fei Tecnai Spirit Transmission Electron Microscope (Advanced Imaging Facility, College of
Staten Island) at 18,500x magnification. Identification of corresponding areas of stratum radiatum in each
consecutive section was facilitated using blood vessels as landmarks. Image series were saved as stacks in
Image J. Every synapse in each stack was identified, the diameter of the postsynaptic density was measured
using the section through the widest part of the synapse in the serial images. Synapse status as macular or
perforated was compiled visually from the serial images. A synapse was considered labeled if it contained at
least two gold particles on its cleft, spine, or axonal compartment in a section. The average diameter of labeled
or unlabeled synapses was compared and statistical significance determined by t test.
7. Spine analysis. Maximum projection confocal images of 3 GFP transfected and
anti-Pcdh-γ labeled neurons were imported into NIH image J. Only isolated spines, fully resolvable from other
spines, were analyzed for Pcdh-γ labeling. Pcdh-γ positive and negative spines were classified as either thin,
stubby, or mushroom shaped using criteria described previously192. Pcdh localization was investigated by the
presence of pixels located at the head, neck, or base of the spine. Diffuse labeling was not considered. Pcdh
localization in relation to spine shape was assessed and was compared to unlabeled spines. t tests were
conducted for significance.
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2.4. Results
Pcdh-γ localization at synapses is associated with larger synaptic puncta
Previous studies have shown Pcdh-γs to be localized at a subset of synapses in vivo76 and in cultured
neurons 112 but the role of these molecules in synaptic development remains unknown. Some defects in synaptic
number and physiology in in Pcdh-γ null animals have been noted 78,103,174 suggesting the possibility that Pcdhγs might participate in synaptic maturation or stability. Synapse size is one parameter that can be associated
with synaptic stability186. To compare synapses that harbor Pcdh-γs to those that do not, we immunostained
cultured hippocampal neurons at 2 developmental stages (12 and 21 DIV) with anti-Pcdh-γ antibodies together
with antibodies to PSD-95 and vesicular glutamate transporters (vGlut) (Figure 9A). From day 12 to day 21
there was a dramatic increase in the average number of synapses per neuron indicating ongoing
synaptogenesis during this time period (Figure 9B).
We randomly sampled 100 synapses from 3 neurons each at days 12 and 21 and used an unbiased
selection method based on overlap of signal from Pcdh-γ immunolabeling with the signal for both pre and
postsynaptic makers to identify synapses with overlapping Pcdh-γ signal in 12 and 21 DIV cultured hippocampal
neurons (Figure 9C and D). The selection method identified synapses that exhibited Pcdh-γ puncta overlapping
with a presynaptic or postsynaptic punctum individually or simultaneously.
We compared pre- and postsynaptic punctum area for three categories of synapses (Figure 2A).
synapses with no overlapping Pcdh-γ immunoreactivitiy were considered “unlabeled”. Synapses with an
overlapping Pcdh-γ punctum either on the presynaptic or postsynaptic specialization, or different Pcdh-γ puncta
overlapping with the presynaptic and postsynaptic specializations at a single synapse, but never simultaneously
overlapping with both, were considered labeled in an “uncorrelated” fashion. Finally, synapses with at least one
single Pcdh-γ punctum simultaneously overlapping with both pre- and postsynaptic specializations were
considered labeled in a “correlated” manner (Figure 10A). Thus, “correlated” labeling may be considered to be
the most stringent filter for identification of Pcdh-γ positive synapses, and this labeling may correspond to
synaptic compartment or cleft labeling.
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Figure 9. Unbiased selection of Pcdh-γ positive synapses in hippocampal neurons triple- labeled
with antibodies to vesicular glutamate transporter (vGlut; blue channel), PSD-95 (red channel), and
anti-Pcdh-γ constant domain (green channel). (A) Dendrite segments from neurons at day 12 and day
21. Synapses occasionally overlapped with Pcdh-γ puncta at both stages. (B) The numbers of synapses
per neuron increased from day 12 to day 21 indicating ongoing synaptogenesis. (C) Low magnification
image of a single labeled neuron at day 21 and selection for Pcdh-γ positive synapses (top left). Image
generated in which Pcdh-γ signal overlaps with that of vGlut (top right). Image generated in which Pcdh-γ
signal overlaps with PSD-95 (bottom left).
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Figure 9. Continued. vGlut/Pcdh-γ and PSD-95/Pcdh-γ overlapping pixels were loaded into the red and
green channels of a new image and overlapping pixels selected (bottom right). (D) Higher magnification of
a dendrite and selection of pixels corresponding to Pcdh-γ label that overlaps with vGlut, PSD-95, or both
simultaneously. Arrowheads indicate synapses with simultaneous Pcdh-γ colocalization with pre- and
postsynaptic markers. Bar = 5μm in (A) and (D) and 10μm in (C).

The percentage of synapses with Pcdh-γs colocalizing with one or both synaptic markers was similar
at both stages (Figure 10B). These percentages added up to > 100% due to the fact that Pcdh-γ puncta could
be colocalized with both pre- and postsynaptic markers either separately or simultaneously.
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Figure 10. Pre- and postsynaptic profiles for Pcdh-γ negative synapses or synapses in which Pcdhγ label overlaps with one or both synaptic markers simultaneously. (A) Examples of synapses from
day 21 cultures in which Pcdh-γ signal does not overlap with either synaptic marker (unlabeled), or where
Pcdh-γ signal overlaps with one or both synaptic markers (middle, arrowheads) but not simultaneously
(uncorrelated), or synapses with a Pcdh-γ punctum overlapping (bottom, arrowhead) with both synaptic
markers simultaneously (correlated). (B) Quantification indicates similar proportion of synaptic labeling at
day 12 and day 21. Many uncorrelated synapses were counted twice due to the fact that Pcdh-γ can overlap
with one or both synaptic markers at the same synapse.
The area of synaptic puncta was determined in Image J from un-resampled images (Figure 11A). At
day 12, there was no change in the average area or pixel intensities for both presynaptic and postsynaptic
puncta over the three categories of synapses (Figure 11B, top). However, at day 21, at synapses with a
correlated Pcdh-γ label, there was a significant increase in the area of both the pre- and postsynaptic puncta
without a change in the average pixel values (Figure 11B, bottom). The specific effect at day 21 suggests Pcdhγs, when present either at the synaptic cleft or within synaptic compartments near the cleft, as has been reported
previously191, might be indicative of a synaptic maturation process late in synaptogenesis.
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Figure 11. Quantitative analysis of the area and the average pixel value of Pcdh-γ positive and
negative synapses. (A) A synapse from a confocal projection immunolabeled with antibodies to vGlut (blue
pixels), PSD95 (red pixels). Channels were separated for quantification of area and average pixel intensity
in Image J (white pixels). (B) Quantification of area and average pixel values for pre- (left) and postsynaptic
(right) puncta for the three categories of synapses at day 12 and 21. There was no difference in area and
pixel values for both pre- and postsynaptic markers for the three categories of synapses at day 12. However,
at day 21, when Pcdh-γ correlates with both pre- and postsynaptic puncta simultaneously there was a
significant increase in the area of both puncta relative to control (p< .05). Bar = 300 nm

Serial immuno-EM analysis of anti-Pcdh-γ labeled synapses in vivo
The light level observations suggested that synaptic Pcdh-γs delinate maturing synapses with larger
synaptic specializations. To study this in more detail in vivo, Pcdh-γ antibodies were used to label serial sections
of rat hippocampal CA1 at 30 days postnatal, which is a period of ongoing synaptic development192. Using serial
sectioning, labeled synapses can be identified and synaptic parameters, such as the diameter of the synapse,
as well as perforation status, accurately quantified by scanning through the entire width of the synapse. In many
instances, gold particles labeled the same structure in multiple sections (arrows and double arrowheads, Figure
12). Overall, Pcdh-γ labeling was found at a few synaptic clefts (double arrowheads, Figure 12), synaptic
(double arrows, Figure 12) and non-synaptic (arrowheads, Figure 12) intracellular compartments and at nonsynaptic cell-cell contact points, as previously reported112,191.
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Figure 12. Immuno-EM serial section analysis of synapses labeled with Pcdh-γ. Five serial sections
through a synapse positive for Pcdh-γ at the cleft (double arrowheads) and an internal dendritic
compartment (double arrows). Single arrows show a synaptic compartment labeled in two sections. Single
arrowhead shows labeled nonsynaptic compartments. Asterisk delineates synaptic clefts. Bar = 500 nm
Quantitative comparison of anti-Pcdh-γ-labeled and unlabeled synapses was performed. The diameter
of every synapse was measured through the widest part of each synapse in serial sections (n=140 synapses
in 21 serial image stacks). Each synapse was also classified as either macular or perforated. Synapses were
then categorized as anti-Pcdh-γ labeled or unlabeled. The majority of Pcdh-γ labeled synapses were
immunopositive for Pcdh-γ within intracellular compartments as previously described191. Therefore synapses
were considered as labeled if multiple gold particles were present over the same subcellular structure either at
the cleft or within an dendritic or axon compartment, or some combination thereof (Figure 13A). Overall, it was
found that Pcdh-γ labeled synapses exhibited an average diameter of 484 nm which was significantly larger
when compared to unlabeled synapses that averaged 222 nm in diameter (Figure 13B).
To determine if Pcdh-γ positive synapses are more likely to be perforated, synapses were classified as
macular or perforated through examination of serial sections (Figure 13A). Of the 78 unlabeled synapses, only
2 were perforated, while in contrast, among the 106 labeled synapses, 16 were perforated, which was a
significant difference (Figure 13C).
Pcdh-γ position in dendritic spine heads corresponds to a mushroom type
The Pcdh-γ immunostaining pattern at the light level is strikingly discrete, with puncta that can localize
at the spine head, neck or dendritic shaft192. Mushroom type spines are thought to be the most stable spines
while thin spines are more transient (reviewed in 199). To examine the relationship between Pcdh-γ expression
at the spine and spine morphology, we transfected primary neurons with GFP which were then grown for 21
days, fixed and immunostained with anti-Pcdh-γ (Figure 14A). A total of 769 spines were analyzed. All spines
were first categorized as being either mushroom, thin, or stubby, then the location of Pcdh-γ puncta was
assigned to either the spine head (‘a’, Figure 14B), the spine neck (‘b’, Figure 14B) or the dendritic shaft at the
spine base (‘c’, Figure 14B). There were relatively few stubby spines in these neurons and these spines were
therefore excluded from further analysis.
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Figure 13. Pcdh-γ synapses have larger diameter and are more likely to be perforated.
(A) Serial sections through Pcdh-γ positive synapses. Pcdh-γ labeling at clefts and synaptic
compartments indicated by an arrowhead. Some Pcdh-γ positive synapses were macular
(top) while others were revealed to be perforated (brackets, bottom) upon serial sectioning.
Bar = 500 nm. (B) Quantification of synapse diameter for Pcdh-γ labeled versus unlabeled
synapses. Unlabeled synapses averaged 222 nm in diameter while labeled synapses were
more than twice as large at 484 nm in diameter (p< .001). C) The overwhelming majority of
unlabeled synapses were macular type synapses while ~20% of labeled synapses were
perforated (Chi-squared test p < .05).
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Many spines were unlabeled, consistent with the variability of Pcdh-γ localization at synapses reported
previously76,112. When present at spines, the most frequent location for Pcdh-γ puncta in both mushroom and
thin spines was in the spine head (Figure 14C). However, some spines were also labeled at the spine neck
with a smaller number labeled at the base of the spine in the dendritic shaft. A significant proportion of spines
were unlabeled (Figure 14C).
Most (51%) of the mushroom spines were labeled at the spine head (Figure 14D, upper left) which
differed with thin spines (Figure 14D, upper right) that were less frequently labeled at the spine head. Pcdh-γ
labeling at spine necks or the base was not predictive of spine type; neither were unlabeled spines
predominately of any one type (Figure 14D). These results suggest that Pcdh-γ function in the spine
compartment could be associated with some aspect of spine maturation.
2.5. Discussion
The Pcdh gene cluster is capable of generating, through epigenetic regulation of ~60 different
isoforms67,169–171, what has been considered a “barcode”193,194 in individual neurons. What this code does during
neural development is still being elaborated. In vivo, one of the most well-characterized functions for Pcdhs is
in repulsion, both in the self-avoidance of same-cell dendrites and in repulsion or organization of certain axon
tracts77,176–181,195. These are developmental processes that occur throughout embryonic and early postnatal
development. However, Pcdhs are also highly expressed at later stages of development where synaptogenesis
is prominent106. The role of these molecules in synaptogenesis is currently unknown but some synaptic defects
have been observed in Pcdh-γ null animals that differed depending on cell type78,89,174. Here we find that
hippocampal synapses with Pcdh-γ expression are significantly larger and have more perforations suggesting
that these synapses may be more mature and/or stable.
Prior to synaptogenesis, dendrites elaborate an arbor that must occupy a distinct territory in the
neuropil. In some neurons with planar dendritic trees, such as starburst amacrine cells in the retina or cerebellar
Purkinje cells, same-cell dendrites rarely cross but can overlap with dendrites from neighboring neurons. It was
shown in Pcdh-γ deficient mice that the dendrites from these neurons exhibited defective spatial distribution
and abnormal clumping of the dendrites30,80. In early stage hippocampal cultures, which are also planar,
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Figure 14. Mushroom spine heads are more likely to be Pcdh-γ positive than thin spine heads. (A)
Green flourescent protein (GFP) (green channel) filled neuron labeled with anti- Pcdh-γ (red channel). (B)
Categorization of labeling patterns based on location of Pcdh-γ positive puncta with the spine (“a” denotes
spine head labeling, “b,” spine neck labeling and “c,” shaft labeling directly below the spine). (C) Distribution
of spine type with respect to labeling pattern. (D) Quantification of the proportion of thin or mushroom spines
that exhibit the indicated labeling pattern. The proportion of unlabeled, spine neck labeled, or dendritic shaft
labeled spines was not significantly different between thin and mushroom spines while spines that were
labeled on the head were more likely to be mushroom type spines (p< .05) Bar = 10 μm

Pcdh-γs align precisely at what appear to be very similar to “dendritic bridges”31, fine dendritic processes that
can span 2 main dendrites119 that could be morphological correlates of self-avoidance31,114. For avoidance to
happen, it is almost certain that Pcdhs first make an adhesive linkage at contacting same-cell dendrites followed
by detachment, cleavage or endocytosis of the adhesive complex in order for the contacting membranes to
separate and dendrites to adopt different trajectories. These same cell contacts are most likely to have a
perfectly matching repertoire of Pcdhs. In contrast, Pcdh adhesive complexes at heterotypic junctions such as
synapses or perisynaptic astrocyte contacts might have an “imperfect” match of Pcdhs that may behave
differently than at same-cell contacts. Thus, our results, combined with others, suggests the possibility that
Pcdhs may play different roles depending on context, with an avoidance role for dendrites of certain neurons
and adhesive role in other instances.
During synaptic development, synapses make an initial adhesive contact through an expanding array
of adhesion molecules167. During postnatal life, robust synaptogenesis occurs but many presumptively
functional synapses are also pruned. One possibility, based on their role in repulsion of same-cell dendrites, is
that Pcdh adhesion participates in the synaptic pruning process. It would then be likely that synapses that
exhibit Pcdh expression might exhibit a less mature phenotype than those that lack Pcdhs. The other possibility,
suggested by the present study, is that Pcdh adhesion strengthens and stabilizes synaptic connections. It has
been shown in vivo that the most persistent and stable spines have the widest diameter and a mushroom shape
while transient spines are narrower186. In the present study, synapses labeled with anti-Pcdh-γ were significantly
wider and more likely to be perforated, both in vivo and in culture, and spine morphology was more likely to be
of the mushroom type in culture.
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How might the endocytic trafficking model fit into the stabilization of synapses/spines?
Synapse stabilization is more consistent with an adhesive-like, rather than repulsive, role between preand postsynaptic neurons. Many of the synapses labeled in the present study were labeled intracellularly in
addition to at the cleft. A model for Pcdh-mediated cell repulsion has been proposed in which an adhesive
match between Pcdhs on adjacent cells induces rapid endocytosis which could remove other adhesive
complexes from the cell surface and cause cell detachment31. How such a mechanism could be associated
with synapse stabilization is not clear. Our results show that Pcdh-γs are associated with more mature synapses
but whether this involves a structural adhesive function is currently unknown. It is possible that endocytosis of
Pcdhs after adhesive contact triggers a signaling mechanism that contributes to synapse stabilization. Overall
our results do indicate that Pcdh-γs are likely to be part of a synaptic maturation process with timely implications
given the emerging role of Pcdh misregulation in neurodevelopmental disorders196.
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CHAPTER 3
Gamma-protocadherin A3 specifically recruits endocytic regulators through a conserved sequence in
the variable cytoplasmic domain
3.1. Abstract
Gamma-protocadherins (Pcdh-γ) are enigmatic cell adhesion molecules that can be adhesive in some
instances, such as in neuron-glia interaction, but anti-adhesive in other cases such as in dendrite selfavoidance. We have shown previously that Pcdh-γs are prominently trafficked in intracellular compartments
that resemble late endosomes by electron microscopy. It is possible that this trafficking is a reflection of the
molecular switch that converts Pcdhs from adhesive to avoidance molecules. It will therefore be important to
understand the molecular interactions that accompany Pcdh trafficking in the endosomal pathway. We
confirmed that Pcdh-γA3 trafficks specifically to late endosomes and to a lesser extent to early and recycling
endosomes by colocalization with Rab endosomal markers. This trafficking is mediated by the variable portion
of the cytoplasmic domain (VCD) of Pcdh-γA3. We also found that at least part of this trafficking comes from
the cell surface by antibody uptake experiments. We sought to identify endocytic proteins associated with Pcdhγ complex by MudPIT proteomic analysis. Pcdh-γs complexes were immunoisolated from rat brain
synaptosomes and compared with complexes isolated with N-cadherin antibodies. It was found that the F-BAR
protein FCHSD2 was uniquely present in Pcdh-γ complexes, which could indicate a role for this protein in the
regulation of Pcdh-γ trafficking. FCHSD2 was previously shown by others to participate in regulation of
endocytosis. We found that FCHSD2 specifically co-immunoprecipitates and colocalizes with Pcdh-γA3 in late
endosomes. In contrast, the related protein, FCHSD1 did not associate with Pcdh-γA3. Pcdh-γA3 association
with FCHSD2 is mediated by a sequence within the VCD that is highly conserved among all Pcdh-γA isoforms.
Other members of the Pcdh family including Pcdh-α1 and Pcdh-β16 did not associate with FCHSD2. We studied
the trafficking of Pcdh-γA3, FCHSD2 and the FCHSD2 interacting protein, intersectin and found that while PcdhγA3, intersectin and FCHSD2 colocalize at endocytic hot spots at the cell surface, at the endosome, Pcdh-γA3
and FCHSD2 positive sites lacked the accumulation of intersectin. This suggests a novel role for FCHSD2 in
trafficking at endosomes recruited by Pcdh-γs and independent of intersectin.
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3.2. Introduction
Clathrin mediated endocytosis (CME) is essential for the internalization, trafficking and regulation of
many classes of cell surface receptors. It is becoming clear the endocytosis of cell adhesion molecules is also
a mechanism to regulate adhesive activity or redistribute adhesion molecules to subcellular membrane
domains97,134,197. Cell adhesion molecule endocytosis and trafficking has been studied for certain
immunoglobulin superfamily members198, as well as members of the cadherin family of adhesion molecules199–
202.

For classical cadherins, endocytosis has been well studied. E-cadherin is subjected to endocytosis under

many conditions, for example as a result of adherens’ junction turnover, loss of cell adhesion of cancer cells
during metastasis, or during normal developmental downregulation of cell adhesion.
How clustered protocadherin (Pcdh) regulation at the cell surface and intracellular pathways has been
significantly less well studied. Pcdhs resemble classical cadherins and do possess adhesive activity110, but their
activity has been difficult to characterize due to weaker levels of adhesion in conventional adhesive assays71.
Pcdhs are a family of cell adhesion molecules in vertebrates comprised of approximately 60 genes α, β, and γ,
located in tandem on the same genetic locus. The gene cluster is regulated by epigenetic mechanisms to
generate a distinct Pcdh repertoire within a neuron that possesses a unique homophilic specificity.
Part of the explanation for the weaker adhesion observed for Pcdh-γs is the fact that most endogenous
and overexpressed Pcdhs appear to be largely intracellular both in cultures 118, 121, 128, 190,192, 216 and in
vivo 118, 119, 128, 216. This intracellular localization for Pcdhs sharply contrasts with the largely junctional
localization of classical cadherins in similar systems.
Pcdhs are unique in that they mediate both adhesion and anti-adhesion depending on the system
studied. In the case of neuron-glia interaction, Pcdhs appear to stabilize these interactions and promote dendrite
complexity due to adhesive contacts between dendrites and astrocytes89,103. However, during outgrowth of
dendrite from neurons with planar dendritic arbors, Pcdh-γs are necessary for proper dendritic spacing which
is a result of avoidance of same-cell dendrites30,203, and which must be due to an anti-adhesive function for the
Pcdhs.
For the classical cadherins, endocytosis can be initiated by ubiquitination of cadherin cytoplasmic
domains or phosphorylation of cadherin cytoplasmic binding proteins, the catenins73,74,204,205. However, the
cytoplasmic processes that are associated with Pcdh signaling, trafficking and function are less well-known.
Pcdh-γ cytoplasmic domains associate with Pyk2, FAK and can be phosphorylated by PKC but the role of these
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molecules in Pcdh trafficking is not known85,183. Pcdh-γs also associate with Ret tyrosine kinase and this
association does appear to play a role in endocytosis131 but the cytoplasmic events in this process are not
known.
To identify proteins that might interact with the Pcdh-γs, we analyzed Pcdh-γ immunopreciptiates by
Multidimensional Protein Identification Technology (MudPIT) proteomics184. We found that a protein called
FCHSD2 was specifically enriched in Pcdh-γA3 immunoprecipitates relative to classical cadherins. Recently,
FCHSD2 was shown to be a novel regulator of CME206. For instance, it has been observed to affect the
trafficking of receptor tyrosine kinases, epidermal growth factor receptors, and proto-oncogenes to intracellular
compartments that are important for regulating their function.
FCHSD2 is part of the F-BAR family that regulates membrane curvature. It is the homolog of nervous
wreck (Nwk), a critical player in endocytosis in Drosophila. Nwk can interact with dynamin and cdc42, a ligand
important for activating Wiskott-Aldrich Syndrome Protein (WASP), which promotes ARP 2/3 activity critical for
stimulating actin polymerization207–209. Nwk in Drosophila is concentrated at active zones and synaptic vesicles
and can promote the formation of complexes with synapsin and synaptotagmin, that may be important for
synapse growth154,207,208.
In mammals, interactions with similar functioning proteins can activate FCHSD2 function to promote
actin branching for endocytosis. Interaction of the SH3 domains of FCHSD2 with other proteins in the endocytic
complex, such as intersectin can recruit FCHSD2 to the cell surface to initiate membrane curvature and activate
the nucleating promoting factor (NPF) NWASP. This interaction can activate the ARP 2/3 complex to promote
actin branching, which is important for completing the process of endocytosis.
Here, we found that a Pcdh-γ (Pcdh-γA3) forms a specific complex with FCHSD2 but not its close
relative FCHSD1. Other Pcdh family members from the different subclusters did not complex with FCHSD2.
The Pcdh-γA3 /FCHSD2 complex found at both the cell surface with the FCHSD2 binding protein intersectin,
as well as in intracellular compartments with reduced intersectin. Our results suggest a novel role for FCHSD2
for Pcdh endocytosis and endosomal trafficking.
3.3. Materials and Methods
1. Pcdh-γ proteomics. Affinity purified antibodies to the Pcdh-γ constant cytoplasmic domain and the
N-cadherin cytoplasmic domain were coupled to CNBr Sepharose and quenched with glycine. Normal rabbit
IgG was used as a control. Sprague Dawley cortex at postnatal day 30 was homogenized in 1% Triton X-100,
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50 mM Tris, pH 7.4, 150 mM NaCl including protease inhibitors. Lysates were clarified by centrifugation,
supernatants applied to the antibody conjugated beads and incubated at 4°C with rotation for 1 hr. Beads were
centrifuged and washed repeatedly with lysis buffer. Proteins were eluted from the beads using 100 mM glycine
at pH 2.5 and precipitated with TCA. Proteins were pelleted and dried. Samples were analyzed by MudPit
proteomics as described184,210. Contrast was used to compare protein lists from the different samples. The most
abundant proteins unique to each sample were chosen for further consideration.
2. Cell culture. HEK293 cells (ATCC #CRL-1573) were cultured in Dulbeccos Modified Eagle Medium,
5% penicillin/ streptomycin, and 10% fetal bovine serum. For transfection, cells were plated on 25 mm
coverslips at 30% confluency. The next day, 3 µg plasmid DNA was transfected into the cells using
Lipofectamine LTX (Invitrogen). The following day, cells were either fixed for microscopy or lysed for coimmunoprecipitation and western blotting.
3. Antibodies. The following commercial primary antibodies were used. Anti-GFP (Abcam; Cat#
ab290), Anti-Flag (Sigma Aldrich; Cat# F3165), Anti-intersectin (Abcam; Cat# 231338). Anti-NWASP (Abcam;
Cat# 126626), Anti-Arp2 (Invitrogen; Cat# 703394). For western blotting antibodies were diluted to 1:500 to
1:1000 while for immunostaining, antibodies were diluted 1:200-1:800. The following secondary antibodies were
used: Goat anti-mouse 568 (Invitrogen; Cat# A11004), Goat anti-mouse 633 (Invitrogen; Cat# A-21052), IRDye
680RD Donkey anti-mouse (LI-COR; Cat# 926-68072), IRDye 800CW Goat anti-rabbit (LI-COR; Cat# 92632211). For immunostaining the antibodies were diluted 1:500. For western blotting the antibodies were diluted
1:5000.
4. Plasmids. The following plasmids were used and have been described previously. Pcdh-α1-GFP,
Pcdh-β16-GFP, Pcdh-γA3-GFP, and Pcdh-γA3-RFP have been described previously. Sequential truncations of
Pcdh-γA3 were described previously, ∆155-GFP, ∆171-GFP, ∆183-GFP, and ∆190-GFP. The construct
containing a Flag tag followed by a short extracellular domain, the transmembrane domain, and the Pcdh-γA3
VCD (Flag-γA3stub-GFP, Flag-γA3stub-RFP, and the endocytic markers Rab5-GFP, Rab7-GFP, Rab11-GFP.
FCHSD1-Flag (Origene;Cat# RC215379) and FCHSD2-Flag (Origene; Cat# RG221241) plasmids were
obtained commercially. APEX2-GFP plasmid was obtained from Addgene (plasmid #67651).
5. Immunostaining. Cells on coverslips were fixed 4% paraformaldehyde in PBS and blocked in 5%
BSA, 0.1 Triton X-100, in PBS. Antibodies were diluted in blocking solution and incubated with primary
antibodies overnight in a humidified chamber. Coverslips were washed in blocking solution the next day and
42

then incubated with secondary antibodies for 1 hour. Cells were washed again in blocking solution and mounted
on glass slides in 50% glycerol in PBS with n-propyl gallate.
6. Confocal microscopy. Images were acquired on a Leica SP2 confocal microscope using a 63X oil
objective. Images were acquired in 1024 x 1024 format with digital zoom of 2 and line average 4 and frame
average of 8. Lasers used were 405 nm to detect DAPI, 488 nm to detect GFP, 543 to detect Alexa 568 label,
and 633 nm to detect Alexa 633. Images were saved as TIFF files and imported into Adobe Photoshop to
generate overlays.
7. APEX2 electron microscopy. HEK293 cells were cultured overnight in 35 mm glass bottom dishes
(MatTek; Cat# P35G-1.5-14-C-GRID). Cells were then transfected as above with 3 µg of γA3-stub-GFP and 1
µg APEX2-GBP plasmids and incubated overnight. The cells were fixed with 0.25% glutaladehyde and 0.1 mM
sodium cacodylate buffer for 1 hour. Following fixation the cells were washed in 0.1 mM sodium cocodylate and
incubated with 1 mg/ml DAB in 0.1 mM sodium cocodylate for 5 minutes. This initial wash was then replaced
with 1 mg/ml DAB plus 5.88 mM H2O2 and incubated up to 1 hours monitoring by phase contrast microscopy
for the formation of insoluble reaction product. After suitable reaction time, the cells were washed in 0.1 mM
sodium cacodylate and post-fixed with 1% osmium tetroxide in 0.1 sodium cacodylate on ice for 2 minutes.
Cells were washed again in 0.1 mM sodium cacodylate and serially dehydrated on ice with 50%-70% ethanol
then incubated overnight in 3% uranyl acetate in 70% ethanol. The next day, cells were further dehydrated to
100% ethanol and infiltrated with a 1:1 mixture of Embed 812: ethanol overnight at room temperature. The
mixture was replaced with a thin layer of pure Embed 812 and a capsule was put on the dish surrounding the
cells of interest. The resin was polymerized at 60º C overnight. The capsule was then completely filled with
resin and polymerized again. The block was then separated from the dish using liquid nitrogen. The block was
trimmed around a cell cluster of interest and ultra thin sections were collected on Formvar coated slot grids.
Sections were stained with 3% uranyl acetate for 1 hour, washed in water, stained with Reynolds lead citrate
30 seconds, washed and dried.
8. TEM imaging. Images were acquired using the Fei Tecnai Spirit Transmission Electron Microscope.
Sections were analyzed for APEX labeling at 5800x and then 18500x magnification in HEK293 cells (Advanced
Imaging Facility, College of Staten Island). Images series were exported as TIF files and was analyzed for
Pcdh-γ expression on the surface or in intracellular compartments by the presence of black precipitation.
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9. Endocytosis assay. HEK293 cells on coverslips were transfected with γA3 stub-GFP. The next day,
live cells were immunolabeled with anti-Flag (Sigma Aldrich; Cat # F3165) for 30 minutes on ice in complete
medium. Cells were then returned to the incubator for 20 minutes and allowed to endocytose the antibody
bound to the surface epitope. Remaining surface antibody was then stripped using 0.1 mM glycine, pH 2 and
then the cells were washed in PBS and fixed. Control experiments included live cell labeling without incubation
at 37º C afterward as well as surface labeling with of previously fixed cells. After incubation with primary
antibody, cells were fixed and blocked as above and incubated with anti-mouse Alexa 568 secondary
antibodies. Cells were then washed and coverslips mounted as above.
10. Colocalization image analysis. Images were collected with a Leica SP2 confocal microscope.
Double labelled images were acquired at 4 times line averaging with a 63x/1.4 NA oil DIC objective.
Colocalization analysis was performed three times with ten images collected and analyzed from each
experiment.

Co-transfected cells were analyzed for colocalization in NIH Image J using the Just Another

Colocalization Plugin (JACoP). The overlap coefficient (r) was obtained and averaged across the three
experiments for each colocalization category and compared across categories for significance using t-tests.
11. Coimmunoprecipitation and western blot. Cells were cotransfected with either Pcdh-γA3, Pcdhα1, Pcdh-β16, Pcdh-γA3 truncation mutants ∆155, ∆171, or ∆183 and FCHSD1-Flag or FCHSD2-Flag and
incubated overnight. The cells were then washed two times with 1% PBS and lysed using RIPA buffer. The
soluble fraction was then isolated by centrifugation at 9.5 g for 5 minutes. The lysate was collected, a sample
of the total lysate was isolated as a control, and the remainder of the soluble fraction was incubated with antiFlag beads (Sigma Aldrich; Cat# A220) for 1 hour at 4°C. The beads were then washed 3 times with RIPA
buffer and eluted with 6X SDS loading dye supplemented with β-mercaptoethanol. Samples were boiled at
50°C for 5 minutes prior to SDS PAGE gel electrophoresis. Samples were loaded onto 4-20% Criterion TGX
precast gels (BIORAD, cat #5671094) and electrophoresed. Gels were transferred to Immobilon membranes
and probed with antibodies to GFP, FLAG, N-WASP, Intersectin or Arp2. Western blots were detected using
secondary antibodies from LI-COR and scanned the LI-COR Odessey infrared scanner.
3.4. Results
Previous studies by electron microscopy show Pcdh-γs to be present in multivesicular bodies113,116,117.
We sought to confirm the identity of these organelles harboring Pcdh-γs by colocalization with specific markers
for early endosomes (Rab 5), late endosomes (Rab 7) and recycling endosomes (Rab 11). Pcdh-γA3-RFP was
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cotransfected with Rab-GFP fusions in HEK293 cells. (Figure 15). We quantified the colocalization with each
endosomal marker and found that Pcdh-γA3 was mostly associated with Rab 7 positive puncta compared to
Rab 5 and Rab 11. This suggests that Pcdh-γs are primarily trafficked to the late endosome.
We asked whether the trafficking was specifically mediated by the Pcdh-γA3 cytoplasmic domain. The
Pcdh-γA3 cytoplasmic deletion ∆190, shown previously to be more efficiently trafficked to the cell surface, when
located intracellularly, was significantly less associated with Rab 7 and Rab 5 positive vesicles. These results
suggest that Pcdh-γA3 is mostly trafficked to late endosomes and to a lesser extent to early endosomes.

Figure 15. γA3 is trafficked to the late endosome. (A) Cotransfection of γA3 (red) with Rab 5, 7, or 11
(green) in HEK cells. γA3 colocalized with the Rab 7 the late endosome. (B) Quantification of γA3 with Rab
5, 7, or 11. Cotransfection of γA3 with Rab 5 or 7 revealed colocalization that was significant compared to
Rab 11 (Collaboration with Aliya Mambetalieva).
It remained to be determined whether or not Pcdh-γA3 arrives at the late endosomes via endocytosis
from the cell surface or whether it arrives directly through the secretory pathway. A stub construct (γA3-stub)
consisting of the portion of the cytoplasmic domain encoded by the Pcdh-γA3 exon, previously shown to mediate
trafficking112,114,115, and lacking the constant cytoplasmic domain as well as the extracellular domain, was
generated previously (Figure 16A). This construct has a Flag epitope on the extracellular surface to allow for
antibody uptake experiments.
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The colocalization of the γA3-stub-RFP with the endosomal markers was determined (Figure 16, B-D).
It was found that the γA3-stub colocalized most strongly with Rab 7 indicating that the stub contains most or all
necessary sequences for endosomal trafficking (Figure 16C). Deletion of most of the amino acids from the
carboxy terminus of stub (Stub ∆183) eliminated the colocalization with Rab 7 and most of this construct was
trafficked to the cell surface (Figure 16, E-F).

Figure 16. Pcdh-γA3 arrives at late endosomes via endocytosis. (A) γA3-stub construct and deletion of
183 amino acids from the C-terminus was generated (stub-∆183). B) HEK cells were transfected with γA3stub-RFP and Rab5, Rab7 or Rab11 GFP fusions. (C) Quantification of γA3 stub colocalization with Rab 5,
7, and 11. (D) γA3-stub is observed inside Rab 7 positive endosomes. (E) Colocalization of γA3-stub and
Rab7 in intracellular compartments of the late endosome. A deletion within the VCD (∆183-stub) altered
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Figure 16. Continued. Pcdh trafficking to the surface. (F) Quantification of γA3-stub and Rab 7
colocalization was significantly greater compared to ∆183-stub. (G) γA3-stub at the surface was detected
by anti-flag labeling in fixed unpermeabilized cells (top), and surface labeled γA3-stub was internalized in
live cell labeling uptake (middle), live cells labeled but kept on ice did not internalize surface 71 γA3-stub
(bottom). (H) APEX-GBP electron microscopy detected stub in multivesicular bodies (arrowheads) and at
the cell surface associated with coated vesicles (arrows).
γA3-stub-GFP was transfected into cells and the cells were initially fixed and labeled with anti-Flag to
confirm surface localization (Figure 16G, top). Live transfected cells were then labeled on ice with anti-Flag,
incubated at 37° C for 20 minutes, excess surface antibody was stripped, and cells were then fixed,
permeabilized, and labeled with anti-Mouse secondary antibodies. Transfected cells exhibited numerous
intracellular puncta that were positive for GFP and anti-Flag (arrows, Figure 16G, middle). In contrast, live cells
that were labeled with anti-Flag on ice but not incubated at 37° C showed no uptake of anti-Flag indicating that
the intracellular labeling in the incubated was due to endocytosis.
The cellular distribution of the γA3-stub was further investigated by APEX-GBP electron microscopy
(Figure 16H) which creates an electron dense reaction product at the location of a GFP fusion protein in the
cell. Label was found in intracellular clusters (Figure 16H, top, arrowheads) of vesicles as well as in patches at
the cell surface (Figure 16H, top, arrows). Higher magnification images reveal the presence of multivesicular
bodies in the intracellular clusters (Figure 16H, middle, arrowheads) as well as coated vesicle like profiles near
the cell surface (Figure 16H, bottom, arrow). Thus the γA3 VCD region can direct the protein to late endosomes
via endocytosis suggesting a role for endocytic regulators in Pcdh trafficking.
Identification of an endocytic regulator in Pcdh-γ complexes
Although some signaling proteins that associate with Pcdh-γ cytoplasmic domains have been identified,
proteins that mediate Pcdh-γ trafficking are unknown. An antibody to the Pcdh-γ constant domain was used to
isolate Pcdh-γ complexes from Triton X-100 solubilized rat cortex. For comparison, complexes isolated with
antibodies to the classical cell adhesion molecule N-cadherin were also analyzed (Table 1). Proteins in the
complexes were identified by MudPIT proteomics. The most abundant proteins found exclusively in each
complex are shown in Table 1. A newly characterized regulator of endocytosis, the F-BAR protein FCHSD2206
was abundantly represented in Pcdh-γ complexes.
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.Pcdh-γ exclusive

N-cadherin exclusive

Pyruvate dehydrogenase complex

β-catenin

PP1-γ

α-2 catenin

DNA-damage inducible 1 homolog 2

α-1 catenin

FCHSD2

Plakoglobin

Orp 6

Stathmin-like 2

Table 1. Proteomics of Pcdh-γ and N-cadherin. Rat brain immunoprecipitates were isolated with either
Pcdh-γ or N-cadherin antibodies. Proteins in the eluted complexes were identified by MudPIT. Proteins were
identified as specific to Pcdh-γ and compared to N-cad.
Given the proposed role of endocytosis and intracellular trafficking in Pcdh-γ function, it is possible that
FCHSD2 could regulate Pcdh-γ trafficking. To confirm that Pcdh-γs and FCHSD2 can form a complex in cells,
coimmunoprecipiation and colocalization experiments were performed (Figure 17). Pcdh-γA3-GFP recruited
FCHSD2 to presumptive late endosomes (Figure 17A, inset). Deletions within the cytoplasmic domain of PcdhγA3 were then analyzed. It was found that the constant domain deletion (∆ const) still colocalized with FCHSD2,
however further deletion into the VCD (∆190) failed to recruit FCHSD2 to intracellular sites. Instead FCHSD2
was diffusely distributed throughout the cell (Fig. 17A, bottom).
To further investigate the Pcdh and FCHSD2 complex, coimmunoprecipitation was performed (Figure
17B). Cells were transfected with Pcd-γA3-GFP and FCHSD2 alone and together and complexes
immunoprecipitated with anti-Flag beads and western blotted. Only when Pcdh-γA3-GFP was cotransfected
with FCHSD2 did it come down with anti-Flag beads indicating specific complex formation between Pcdh-γA3GFP and FCHSD2 (Figure 17B, lane 4 and 6). The ∆const deletion also coimmunoprecipitated with FCHSD2
(Figure 17B, lane 7). There was a considerable reduction in signal when ∆190 was cotransfected with FCHSD2
(Figure 17B, lane 8). These results suggest Pcdh-γs form a specific complex with FCHSD2 through the VCD
region.
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Figure 17. The variable cytoplasmic domain mediates Pcdh-γA3 and FCHSD2 association. (A) The
indicated Pcdh-γA3-GFP constructs were cotransfected with flag-tagged FCHSD2 and cells were stained
with anti-Flag and imaged by confocal microscopy. (B) The average overlap coefficient of Pcdh-γA3 and its
deletions with FCHSD2. (C) Coimmunoprecipitation of PcdhγA3 and FCHSD2. Pcdh-γA3 was precipitated
with anti-FLAG beads only when cotransfected with FCHSD2-Flag (lane 4). Full length Pcdh-γA3 and
∆const were coprecipitated with FCHSD2 (lanes 6 and 7) while ∆190 was much less associated (lane 8).
Lanes 9-16 show the levels of each construct prior to immunoprecipitation.
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FCHSD2 is ~50% similar to another isoform of the F-BAR family called FCHSD1211,212. FCHSD2 and
FCHSD1 are both orthologues of the Drosophila protein nervous wreck (Nwk) which has been observed to
interact with actin components important for completing the process of endocytosis206,211–214. Currently, it is not
known whether FCHSD1 participates in the endocytic mechanisms similar to FCHSD2 and Nwk. To determine
whether the Pcdh-γA3 complex with FBAR proteins was specific to FCHSD2 rather than its isoform FCHSD1,
cells were cotransfected with Pcdh-γA3 and Flag-tagged FCHSD1 (Figure 18) and labeled for anti-Flag or
coimmunoprecipitated. It was observed that Pcdh-γA3-GFP did not recruit FCHSD1 to endosomes (Figure
18A). In this case FCHSD1 remained diffuse in the cell (Figure 18A) when cotransfected with all versions of
Pcdh-γA3. Furthermore, FCHSD1 did not coprecipitate with any Pcdh-γA3 construct (Figure 18B). Therefore, it
is clear that Pcdh-γs specifically complex with FCHSD2.

Figure 18. Pcdh-γA3 fails to associate with FCHSD1 by colocalization and coimmunoprecipitation.
Cells were cotransfected with Pcdh-γA3 or its deletions together with Flag-tagged FCHSD1 and (A) fixed
and stained with anti-Flag or (B) lysates immunoprecipitated with anti-Flag beads and immunoblotted. PcdhγA3 did not recruit FCHSD1 to endosomes. In this case, FCHSD1 remained diffuse throughout the cell. In
addition, there was no coprecipitation of Pcdh-γA3 constructs with anti-Flag beads in FCHSD1
cotransfected cells.
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The Pcdh family is organized into clusters of the α, β, and γ subfamilies with ~ 60 isoforms. The results
suggest that at least Pcdh-γA3 can form a complex with FCHSD2. However, it remained to be determined
whether members of the αand β families could also form a complex with FCHSD2. Examples of α, β, and γ
isoforms of the clustered Pcdhs (Pcdh-α1, Pcdh-β16 and Pcdh-γA3) were cotransfected with FCHSD2 (Figure
19A) and compared for their ability to colocalize in anti-Flag stained cells, and coprecipitate with FCHSD2 using
anti-Flag beads. FCHSD2 was recruited to endosomes only by Pcdh-γA3 and not the Pcdh-α1 and Pcdh-β16
isoforms. FCHSD2 remained diffuse in the Pcdh-α1 and Pcdh-β16 transfected cells. These results are in
agreement with the previously observed trafficking of Pcdh-α1 to the endoplasmic reticulum and not the
endosome pathway116.
The average colocalization was quantified and analysis by t-tests indicated a significant levels of
colocalization with Pcdh-γA3 and not the other isoforms (Figure 19B). To further confirm that lack of interaction
of FCHSD1 and Pcdh-α1 and Pcdh-β16 coimmunoprecipitation was performed and compared with that of PcdhγA3. It was observed that Pcdh-γA3 was the only isoform to immunoprecipitate with FCHSD2 (Figure 19C, lane
3). This suggests that the interaction between Pcdhs and FCHSD2 is exclusive to the Pcdh-γ subfamily.
Earlier studies have identified the VCD as the regulator of Pcdh-γ trafficking to intracellular
compartments112,114–116 and mapped a segment within the VCD that is necessary for trafficking. Deletions within
the VCD altered trafficking and caused Pcdh-γA3 to be observed mostly at the cell surface. It remained to be
determined whether this trafficking motif in the VCD mediates the association with FCHSD2. To determine the
site within the VCD that critical for Pcdh-γA3 and FCHSD2 interaction, cytoplasmic deletions of 155, 171 or 183
amino acids from the carboxy terminus as numbered in the full length molecule, (∆155, ∆171, ∆183) were
analyzed for colocalization and coimmunoprecipitation with FCHSD2 (Figure 20). Interestingly, deletions that
were found to disrupt Pcdh-γA3 trafficking to the endosomes114–116 also disrupted Pcdh-γA3 and FCHSD2
colocalization. Pcdh-∆171 and Pcdh∆183 failed to colocalize with FCHSD2, while the smaller deletion Pcdh∆155 still colocalized with FCHSD2. This suggests that FCHSD2 interaction with the Pcdh-γA3 VCD is critical
for trafficking to late endosomes.
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Figure 19. FCHSD2 interacts exclusively with Pcdh-γA3 and not other examples of Pcdhs from the
α and β subclusters. (A, top) The Pcdh gene cluster. Location of the Pcdh-α1, Pcdh-β16 and Pcdh-γA3
exons tested for coprecipitation with FCHSD2 are indicated. Bottom, cotransfection of Pcdh-γA3, Pcdh-α1,
or Pcdh-β16 and FCHSD2. Cells were fixed and immunostained with anti-Flag. FCHSD2 remained diffuse
in Pcdh-α1 and Pcdh-β16 transfected cells but clustered specifically with Pcdh-γA3. (B) Average
colocalization of Pcdh-γA3, Pcdh-α1, or Pcdh-β16 with FCHSD2. Colocalizatino of FCHSD2 was
significantly reduced for Pcdh-α1 and Pcdh-β16 as

compared to Pcdh-γA3. (C)

FCHSD2

coimmunoprecipitated solely with Pcdh-γA3 (lane 3). In contrast, Pcdh-α1 and Pcdh-β16 were not detected
in precipitates with anti-Flag beads when cotransfected with FCHSD2.
FCHSD2 complex in Pcdh-γ trafficking
FCHSD2 is known to bind to the endocytic regulator intersectin through one of its SH3 domains, as
well as the actin regulator N-WASP, which activates the actin branching Arp 2/3 complex206,213,214. To determine
whether Pcdh-γA3 associates with other members of the FCHSD2 complex, they were examined by
colocalization and coimmunoprecipitation (Figure 21). Pcdh-γA3 was expressed in cells and cells were
immunostained with antibodies to ARP2, intersectin, and N-WASP. Partial colocalization of Pcdh-γA3 was
observed for each of the proteins in the FCHSD2 complex, however colocalization was observed to be more
weakly associated with the other proteins in the complex when compared to FCHSD2.
Follow up studies investigated the association of Pcdh-γA3 with ARP-2, intersectin, and NWASP by
coimmunoprecipitation using anti-GFP beads. We found a lack of an interaction with Pcdh-γA3 and intersectin,
N-WASP, or ARP2 by coimmunoprecipitation. Based on the strong colocalization and coprecipitation data of
Pcdh-γA3 with FCHSD2 and Pcdh-γA3 and the FCHSD2 protein complex it is possible that Pcdh-γ may directly
associate with FCHSD2 rather than recruiting other members of the FCHSD2 complex.
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Figure 20. Pcdh-γA3 VCD is critical for FCHSD2 colocalization. (A) Carboxy-terminal deletions
within the VCD used to test for colocalization with FCHSD2. (B) Colocalization of Pcdh-γA3, ∆155,
∆171, or ∆183 with FCHSD2. Pcdh-γA3 and ∆155 induced coclustering of FCHSD2 while D171 and
S183 did not and FCHSD2 remained diffuse. (C) Quantification of Pcdh-γA3 and FCHSD2
colocalization. The colocalization of ∆171 and ∆183 was significantly reduced relative to Pcdh-γA3
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Previous studies indicate that FCHSD2 may be recruited to clathrin coated pits by the interaction of the
second SH3 domain of FCHSD2 to intersectin206,213,214. To better understand the role of intersectin in FCHSD2
recruitment to the plasma membrane, we analyzed cells cotransfected with Pcdh-γ and FCHSD2 and
immunolabeled with intersectin (Figure 22). A closer analysis revealed intersectin and Pcdh-γ mostly delineate
endocytic hotspots at the surface of cells (arrows, Figure 22) while FCHSD2 was more pronounced in
intracellular compartments which colocalized with both intersectin and Pcdh-γ.

Figure 21. Pcdh-γA3 associates with endocytic markers by colocalization. (A) FCHSD2 contains an
F-Bar domain and 2 SH3 domains. The first SH3 domain interacts with N-WASP, an ARP 2/3 activator,
while the second SH3 domain interacts with intersectin (B) Cells were cotransfected with Pcdh-γA3 and
labeled with either ARP2, INT, or NWASP. Arrowheads indicate points of colocalization. (C)
Coimmunoprecipitation with Pcdh-γA3 and endocytic markers indicated a lack of an interaction.
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Figure 22. Pcdh-γA3, FCHSD2, and Intersectin at the cell surface. (A-C) Cells triple labeled with PcdhγA3 (A), FCHSD2 (B), and INT (C). (D) Cells are observed simultaneously labeled with Pcdh-γA3 (A),
FCHSD2 (B), and INT (C) at the surface at “hot spots” (arrows) and intracellular compartments.

While Pcdh-γ does not interact directly with other proteins in the FCHSD2 complex these proteins may
still affect Pcdh trafficking (Figure 23). It is apparent that actin components are important for completing vesicle
formation215–220. Is it possible that Arp2, a component of the FCHSD2 complex can affect Pcdh-γ trafficking? To
determine Arp2’s role in Pcdh-γ trafficking, cells were transfected with Pcdh-γ and an inhibitor of Arp, CK666221
was incubated in increasing concentrations. Pcdh localization within the cells were observed and compared to
controls. Pcdh-γA3 was found trafficked to puncta, which were larger in size compared to the control cells.
Therefore, the FCHSD2 complex may be important in other stages of Pcdh trafficking.
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Figure 23. Arp 2 inhibitor
increases Pcdh-γ puncta
in cultured cells. (A) HEK
cells

transfected

Pcdh-γA3

were

with
treated

with CK-666, an ARP 2/3
complex

inhibitor,

and

then were compared to
controls. (B) Quantification
of the diameter of each
punctum was measured in
Pcdh-γA3+ and compared
to the control. Analysis of
the

puncta

by

t-test

indicated significance. (p<
.05).

3.5. Discussion
Pcdhs may play varying roles in development. It is known that Pcdhs are adhesive molecules that have
been identified at the synapse late in development32,112,174. It is also clear that these adhesive molecules can
function in the anti-adhesive mechanism of self avoidance30,203, which may take place early on in development.
So how do these adhesive molecules become avoidant? A possible regulator of Pcdh function is endocytosis,
which is a common method of regulation of receptor proteins, like tyrosine kinases, which have conserved
sequences that are recognized by adaptor proteins to initiate endocytosis124,222.
Interestingly, Pcdh cytoplasmic domain sequence has been extensively examined and typical
conserved sequences that regulate endocytosis, such as the dileucine motifs are absent in Pcdhs-γs (see
Chapter 5). Therefore, it is likely that a novel endocytic pathway can promote the association with the
endolysosomal system and possibly terminate the cell-cell adhesion115,117. But since there is no known
sequence present within the Pcdh-γs, we wanted to investigate if endocytosis is possible and whether other
57

proteins and mechanisms may be important for the changing roles of these cell adhesive molecules in
development.
Our experiments revealed that the VCD of Pcdh-γA3 (and likely other Pcdh-γA family members, see
Chapter 5) can participate in endocytosis and are mostly colocalized with the Rab 7 positive puncta, a
component of the late endosome. It is possible that there are proteins other than FCHSD2 that may be involved
in the regulation of Pcdh-γ endocytosis and function at the synapse.
To determine the significance of endocytosis in the regulation of Pcdh-γ function we investigated 2
proteins involved in the F-BAR family protein complexes FCHSD2 and its isoform FCHSD1. A strong
relationship between Pcdh-γs and FCHSD2, an important regulator of endocytosis, was observed by
colocalization and coprecipitation. The interplay between Pcdh-γs and F-BAR proteins was observed to be
limited to the Pcdhs-γs and FCHSD2 when compared to other Pcdh isoforms and FCHSD1 by colocalization
and Co-IP. This suggests the likelihood of a novel mechanism involved in the endocytosis of Pcdh-γs to regulate
its function in anti-adhesive mechanisms.
It is known from previous studies that the FCHSD2 complex is part of the mechanism of
endocytosis206,213. In this study, we wanted to determine whether Pcdh-γA3 may also be important since they
have an exclusive association with FCHSD2. Interestingly, Pcdh-γA3 were found to be colocalized with the
markers in the endocytic complex, Arp2/3, intersectin, and NWASP, but Pcdh-γA3 did not associate with them
by coprecipitation, suggesting a weaker relationship between these members of the FCHSD2 complex. It is
clear that Pcdh-γA3 may not have a strong association with the FCHSD2 complex proteins but they may serve
some purpose in Pcdh-γ recruitment.
One of the proteins in the FCHSD2 complex, intersectin was initially discovered as a scaffold protein
important for membrane trafficking and receptor-mediated cell signaling223. It has also been involved in
regulating scission events in endocytosis239. More recently, intersectin has been observed playing a major role
in FCHSD2 recruitment to the cell membrane associated with clathrin coated pits206,213. This is thought to be
the initiating factor of FCHSD2 in clathrin mediated endocytosis. However, it is possible that there are other
players involved in the mechanism of recruiting FCHSD2 to the surface to initiate endocytosis.
To test this possibility, we examined the relationship between Pcdh-γA3, FCHSD2, and intersectin by
colocalization and found all markers at the surface and in intracellular compartments, suggesting Pcdh-γA3
involvement with FCHSD2 to promote endocytosis. In fact, Pcdh-γA3 was more strongly associated with
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FCHSD2 and was found at membrane “hot spots” flanked by intersectin. So, it is plausible to suggest that Pcdhγ may recruit FCHSD2 to the surface to initiate endocytosis.
Pcdh-γA3s association with intersectin, a part of the FCHSD2 complex led us to investigate whether
NWASP and ARP2/3 are also important for Pcdh-γ recruitment of FCHSD2 and endocytosis. It has previously
been observed that NWASP can interact with the first SH3 domain of FCHSD2 autoinhibiting it and activating
a key component in the protein complex, ARP2/3 involved in actin branching206.
The ARP 2/3 complex is made up of 7 subunits and can play different roles in the cell as it pertains to
endocytosis, exocytosis, and cell adhesion232–234. The function of the ARP 2/3 complex can be mediated by
intermediate components present at, near, or under the cell surface218,219,224. The concentration of receptors
and tension at the surface, at the cell to extracellular matrix interface, and at the cell-to-cell junction can also
determine the action of the ARP 2/3 complex in endocytosis, exocytosis, and cell adhesion218–220. To determine
whether ARP 2/3 was important in Pcdh-γA3 function, cells transfected with Pcdh-γA3 were incubated overnight
with an inhibitor of the ARP complex, CK-666. The inhibitor caused an increase in the pixel area and diameter
of Pcdh-γA3 puncta. The enhanced signal may suggest a possible function of ARP 2/3 in Pcdh-γA3 recycling
and inhibition of the Arp2/3 complex may cause an accumulation of Pcdh-γA3 in recycling endosomes.

59

CHAPTER 4
Summary and Future Directions
The regulation of the Pcdh cluster by epigenetic mechanisms can generate a unique surface “barcode”
on individual neurons but the function of these molecules has remained elusive. It is clear that Pcdhs can serve
as adhesive molecules as they have ectodomains that consist of six cadherin repeats that have been shown in
structural studies to mediate cell-cell interaction. However, Pcdhs also have a variable cytoplasmic domain that
the studies in this thesis and other work suggests can modulate their adhesive role in a novel way. This
modulation could account for the apparently opposite activities on cell adhesion that Pcdhs have been observed
to mediate depending on the model system.
4.1. Pcdhs in adhesion
The support of Pcdhs for a role in adhesion during synaptogenesis and dendrite development arises
from cell adhesion assays with nonadherant cells. K562 cells transfected with Pcdh isoforms participate in
homophillic binding observed by cell aggregation27. It should be noted that in many of the studies testing
aggregation in response to Pcdh transfection, that cytoplasmic deleted Pcdhs were used to enhance surface
expression33. Other studies have investigated the adhesive role of Pcdhs in neuron-astrocyte interactions where
Pcdh-γ are found to be required for dendrite branching which was attributed to homophilic adhesion86,175. It was
found in cell biological assays that specific deletions within the 26 amino acid segment of the VCD is thought
to enhance this adhesive activity as demonstrated by the increase in surface expression115. This suggests that
the VCD is likely to be a negative regulator of Pcdh-γ cell adhesion and this seems to involve endocytic
mechanisms.
4.2. Pcdhs in avoidance
Studies performed in Drosophila provide some clarity of how adhesive molecules can become avoidant
through the interaction of identical isoforms on the surface of adjacent cells119. For example, deletions of the
cytoplasmic domain of DSCAM no longer maintain the avoidance of dendrites in vivo and abnormal dendrite
clumping was observed118–120,122. Therefore, in this system avoidance is dependent on the cytoplasmic domain
although whether or not endocytosis in involved is unknown.
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Similarly, later studies in mammals indicate that Pcdhs-α and Pcdh-γ are important for selfavoidance30,80,203. It has been shown that Pcdhs allow neurons to distinguish their identity in development and
differentiate between self and non-self when forming neural connections30,80. This form of recognition is
essential as it has been observed in dendrite self-avoidance in starburst amacrine cells of the retina and Purkinje
cells in the cerebellum30,80. Conditional Pcdh-γ KO disrupt dendrite self-avoidance in these neurons causing a
significant amount of overlap in sister dendrites. While we observe this mechanism’s importance in selfavoidance of dendrites it is also important in axon guidance, which is how axons find their targets in synapse
formation118.
Therefore, it is becoming more apparent that Pcdhs can function both in adhesion and synaptogenesis
and in dendrite self-avoidance. However, the mechanism of how this happens is not well understood. We can
consider the importance of the VCD in regulating Pcdh function as studies in Drosophila and mammals have
observed that cytoplasmic factors can convert adhesive molecules into avoidance molecules.
4.3. The VCD is the critical regulator of Pcdh function
Therefore the main question is: What does the Pcdh cytoplasmic domain do to modulate adhesive and
avoidance activity? Others have identified signaling proteins that bind to the Pcdh-γ constant cytoplasmic
domain. It binds signaling proteins like Pyk2 and FAK but this interaction does not seem to matter for
avoidance195 given the fact that constant domain deletions were shown to be trafficked normally to endosomes.
Previous studies have found that the VCD primarily mediates intracellular trafficking that studies in this thesis
now show involves endocytosis likely through a mechanism involving FCHSD2. This seems to be an attractive
mechanism to explain how the VCD controls adhesion and avoidance. In fact, endocytosis and intracellular
trafficking

is

important

for

avoidance

activity

of

molecules

like

Eph/Ephrins,

DSCAM

and

MIG14/Wntless119,122,225,226.
Our results are consistent with Pcdhs as adhesive at the synapse late in development but is it possible
that they engage in avoidant behavior during synapse maturation. Sanes and others have shown that Pcdhs
can have anti-adhesive properties that lead to proper dendrite arborization in starburst amacrine cells30.
Therefore, it is apparent that both adhesion and self-avoidance is critical in development but how Pcdhs
participate in these functions are not known. Here we describe endocytosis as a possible mechanism that can
regulate Pcdh function as we observe the association of Pcdh with many endocytic markers. However, how
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endocytosis initiates synaptogenesis or dendrite self-avoidance in development still remains unclear. Future
studies will investigate the relationship between endocytosis and these functions in development.
4.4. Conservation of the Pcdh-γA family VCD
Our studies focused on Pcdh-γA3 as one example of a clustered Pcdh among ~60 isoforms. Pcdh-γA3
is a member of the Pcdh-γA subfamily which as 12 isoforms (Figure 24). In addition, there is the Pcdh-γB and γC subfamilies in the Pcdh-γ cluster (Figure 24). Alignment of the VCDs of each of these subfamilies reveals
that the Pcdh-γA cluster has the highest conservation within the VCD (Figure 24).

Figure 24. VCD domain protein alignment. The VCDs of the mouse Pcdh-γ family were entered into
Clustal Omega Multiple Sequence Alignment tool. (A) Alignment of the VCDs of all Pcdh-γA isoforms. (B)
Alignment of the VCDs of all Pcdh-γB isoforms. (C) Alignment of all Pcdh-γC isoforms. Conserved residues
are indicated with an asterisk. Conservative substitutions are indicated by 2 dots. Less conservation is
indicated by 1 dot.
4.5. Conserved sequences in Pcdh-γA family
The Pcdh-γA family is the most logical starting point to discover cytoplasmic interactions that mediate
trafficking and adhesion. Alignment of the VCD sequences of all Pcdh-γ isoforms shows that the Pcdh-γAs
(Figure 24A) are the most conserved family in the VCD region. In contrast the VCDs of the Pcdh-γBs (Figure
24B) and Pcdh-γCs (Figure 24C) are much less conserved. Within the Pcdh-γA VCD, it is clear that there is a
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region in the middle of the domain that is highly conserved among the isoforms (Figure 24A, asterisks). This
corresponds fairly precisely to the region that was mapped previously and found to control trafficking.
Two sequences of interest were observed to be conserved across the 12 types within the Pcdh-γA
families, two serines at 759 and 762 amino acids from the N-terminus, and a PQP sequence 767-769 amino
acids from the N-terminus. These sequences corresponded to the same 26 amino acid segment of the VCD
shown to be important in Pcdh-γ trafficking114–116,191. Interestingly, when the VCD sequence of Pcdh-γA3 was
entered into NetPhos 3.1, the two conserved serines, at 759 and 762 amino acids away from the N-terminus,
were predicted to be phosphorylated (Figure 25). It is known from other studies with the cell adhesion molecule
E-cadherin that mutations of a cytoplasmic serine to alanine reduces phosphorylation and decreases cell
adhesion204. Other point mutations revealed that when the serines were replaced with the negatively charged
amino acid glutamate it prevented endocytosis and there was recovery of cell adhesion204. In this study we
have already observed that deletion of this VCD motif can impact Pcdh localization to intracellular
compartments. Therefore, it is possible that the two serines predicted to be phosphorylated within the 26 amino
acid segment of the VCD may be the critical sites important for Pcdh-γ trafficking.
The other sequence that may be important is the PQP segment. This was conserved among all PcdhγA isoforms. Interestingly, this sequence has been observed in prokaryotes to be important in promoting
structural conformations that allow other proteins interactions to trigger endocytosis227. In addition, it is known
that adaptor proteins, such as intersectin, important in endocytosis, interact with proline rich segments on other
proteins before engaging in mechanisms essential for endocytosis228,229.
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Figure 25. Predicted serine phosphorylation sites in Pcdh-γA3 VCD. (A) The VCD of PcdhγA3. (B) Net Phos 3.1 prediction of serine phosphorylation sites in Pcdh-γA3

4.6. Conclusions
Pcdh-γs were originally hypothesized to be adhesive molecules. However, it has become evident that
Pcdh-γ is observed to function similar to the Eph/Ephrins and have separate functions in development. Early in
development, Pcdh-γ is observed to function in self-avoidance, while late in development Pcdh is found to
function in adhesion. The modulation of Pcdh-γ function in development is proposed to be regulated by
endocytosis. This is supported by Pcdh-γs involvement in recruiting FCHSD2, which may play a role in its
alternate functions in development. It is clear that the VCD is the main site for trafficking and FCHSD2
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recruitment. Further investigation of these segments may be important in deciphering the specific regions within
the VCD of Pcdh important in trafficking. Understanding the role of Pcdh-γ in development may be relevant to
uncover the mechanisms in developmental and degenerative diseases, like autism and cancer81,230–233.

65

References
1.

Grice, L. F. et al. Origin and Evolution of the Sponge Aggregation Factor Gene Family. Mol. Biol. Evol.
34, 1083–1099 (2017).

2.

Steinberg, M. S. & Gilbert, S. F. Townes and Holtfreter (1955): Directed movements and selective
adhesion of embryonic amphibian cells. J. Exp. Zoolog. A Comp. Exp. Biol. 301A, 701–706 (2004).

3.

Takeichi, M. Functional correlation between cell adhesive properties and some cell surface proteins. J.
Cell Biol. 75, 464–474 (1977).

4.

Redies, C. Cadherins in the central nervous system. Prog. Neurobiol. 61, 611–648 (2000).

5.

Brasch, J. et al. Homophilic and Heterophilic Interactions of Type II Cadherins Identify Specificity Groups
Underlying Cell-Adhesive Behavior. Cell Rep. 23, 1840–1852 (2018).

6.

Nose, A., Nagafuchi, A. & Takeichi, M. Expressed recombinant cadherins mediate cell sorting in model
systems. Cell 54, 993–1001 (1988).

7.

Kohmura, N. et al. Diversity Revealed by a Novel Family of Cadherins Expressed in Neurons at a Synaptic
Complex. Neuron 20, 1137–1151 (1998).

8.

Angst, B. D., Marcozzi, C. & Magee, A. I. The cadherin superfamily: diversity in form and function. J. Cell
Sci. 114, 629–641 (2001).

9.

Shapiro, L. & Colman, D. R. The diversity of cadherins and implications for a synaptic adhesive code in
the CNS. Neuron 23, 427–430 (1999).

10.

Uchida, N., Honjo, Y., Johnson, K. R., Wheelock, M. J. & Takeichi, M. The catenin/cadherin adhesion
system is localized in synaptic junctions bordering transmitter release zones. J. Cell Biol. 135, 767–779
(1996).

11.

Yu, W., Yang, L., Li, T. & Zhang, Y. Cadherin Signaling in Cancer: Its Functions and Role as a Therapeutic
Target. Front. Oncol. 9, 989 (2019).

12.

Aberle, H., Schwartz, H. & Kemler, R. Cadherin-catenin complex: Protein interactions and their
implications for cadherin function. J. Cell. Biochem. 61, 514–523 (1996).

13.

Posy, S., Shapiro, L. & Honig, B. Sequence and Structural Determinants of Strand Swapping in Cadherin
Domains: Do All Cadherins Bind Through the Same Adhesive Interface? J. Mol. Biol. 378, 954–968
(2008).

66

14.

Morishita, H. & Yagi, T. Protocadherin family: diversity, structure, and function. Curr. Opin. Cell Biol. 19,
584–592 (2007).

15.

C-Cadherin

Ectodomain

Structure

and

Implications

for

Cell

Adhesion

Mechanisms.

https://www.science.org/doi/full/10.1126/science.1071559.
16.

MacDonald, B. T., Tamai, K. & He, X. Wnt/β-Catenin Signaling: Components, Mechanisms, and Diseases.
Dev. Cell 17, 9–26 (2009).

17.

Catenin

-

an

overview

|

ScienceDirect

Topics.

https://www.sciencedirect.com/topics/neuroscience/catenin.
18.

Salinas, P. C. & Price, S. R. Cadherins and catenins in synapse development. Curr. Opin. Neurobiol. 15,
73–80 (2005).

19.

Nikitczuk, J. S. et al. N-cadherin regulates molecular organization of excitatory and inhibitory synaptic
circuits in adult hippocampus in vivo. Hippocampus 24, 943–962 (2014).

20.

Zhang, B. et al. β-Catenin Regulates Acetylcholine Receptor Clustering in Muscle Cells through
Interaction with Rapsyn. J. Neurosci. 27, 3968–3973 (2007).

21.

Changede, R. & Sheetz, M. Integrin and cadherin clusters: A robust way to organize adhesions for cell
mechanics. BioEssays News Rev. Mol. Cell. Dev. Biol. 39, 1–12 (2017).

22.

Delva, E., Tucker, D. K. & Kowalczyk, A. P. The Desmosome. Cold Spring Harb. Perspect. Biol. 1,
a002543 (2009).

23.

Kottke, M. D., Delva, E. & Kowalczyk, A. P. The desmosome: cell science lessons from human diseases.
J. Cell Sci. 119, 797–806 (2006).

24.

Hanakawa, Y., Amagai, M., Shirakata, Y., Sayama, K. & Hashimoto, K. Different effects of dominant
negative mutants of desmocollin and desmoglein on the cell-cell adhesion of keratinocytes. J. Cell Sci.
113, 1803–1811 (2000).

25.

Kim, S.-Y., Yasuda, S., Tanaka, H., Yamagata, K. & Kim, H. Non-clustered protocadherin. Cell Adhes.
Migr. 5, 97–105 (2011).

26.

Yasuda, S. et al. Activity-Induced Protocadherin Arcadlin Regulates Dendritic Spine Number by Triggering
N-Cadherin Endocytosis via TAO2β and p38 MAP Kinases. Neuron 56, 456–471 (2007).

27.

Thu, C. A. et al. Single-cell identity generated by combinatorial homophilic interactions between α, β, and
γ protocadherins. Cell 158, 1045–1059 (2014).
67

28.

Rubinstein, R. et al. Molecular Logic of Neuronal Self-Recognition through Protocadherin Domain
Interactions. Cell 163, 629–642 (2015).

29.

Gibson, D. A. et al. Dendrite self-avoidance requires cell-autonomous slit/robo signaling in cerebellar
purkinje cells. Neuron 81, 1040–1056 (2014).

30.

Lefebvre, J. L., Kostadinov, D., Chen, W. V., Maniatis, T. & Sanes, J. R. Protocadherins mediate dendritic
self-avoidance in the mammalian nervous system. Nature 488, 517–521 (2012).

31.

Phillips, G. R., LaMassa, N. & Nie, Y. M. Clustered protocadherin trafficking. Semin. Cell Dev. Biol. 69,
131–139 (2017).

32.

LaMassa, N. et al. Gamma-protocadherin localization at the synapse is associated with parameters of
synaptic maturation. J. Comp. Neurol. 529, 2407–2417 (2021).

33.

Biswas, S., Emond, M. R. & Jontes, J. D. The clustered protocadherins Pcdhα and Pcdhγ form a
heteromeric complex in zebrafish. Neuroscience 219, 280–289 (2012).

34.

Niessen, C. M., Leckband, D. & Yap, A. S. Tissue organization by cadherin adhesion molecules: dynamic
molecular and cellular mechanisms of morphogenetic regulation. Physiol. Rev. 91, 691–731 (2011).

35.

Takeichi, M. The cadherins: cell-cell adhesion molecules controlling animal morphogenesis. Development
102, 639–655 (1988).

36.

Price, S. R., Garcia, N. V. D. M., Ranscht, B. & Jessell, T. M. Regulation of Motor Neuron Pool Sorting by
Differential Expression of Type II Cadherins. Cell 109, 205–216 (2002).

37.

Guthrie, S. Neuronal development: sorting out motor neurons. Curr. Biol. CB 12, R488-490 (2002).

38.

Palmesino, E. et al. Foxp1 and Lhx1 Coordinate Motor Neuron Migration with Axon Trajectory Choice by
Gating Reelin Signalling. PLOS Biol. 8, e1000446 (2010).

39.

Scheiffele, P., Fan, J., Choih, J., Fetter, R. & Serafini, T. Neuroligin expressed in nonneuronal cells
triggers presynaptic development in contacting axons. Cell 101, 657–669 (2000).

40.

Biederer, T. et al. SynCAM, a synaptic adhesion molecule that drives synapse assembly. Science 297,
1525–1531 (2002).

41.

Benson, D. L. & Tanaka, H. N-Cadherin Redistribution during Synaptogenesis in Hippocampal Neurons.
J. Neurosci. 18, 6892–6904 (1998).

68

42.

Miyamoto, Y., Sakane, F. & Hashimoto, K. N-cadherin-based adherens junction regulates the
maintenance, proliferation, and differentiation of neural progenitor cells during development. Cell Adhes.
Migr. 9, 183–192 (2015).

43.

Georgakopoulos, A. et al. Presenilin-1 forms complexes with the cadherin/catenin cell-cell adhesion
system and is recruited to intercellular and synaptic contacts. Mol. Cell 4, 893–902 (1999).

44.

Brusés, J. L. N-Cadherin signaling in synapse formation and neuronal physiology. Mol. Neurobiol. 33,
237–252 (2006).

45.

Arikkath, J. & Reichardt, L. F. Cadherins and catenins at synapses: roles in synaptogenesis and synaptic
plasticity. Trends Neurosci. 31, 487–494 (2008).

46.

Arikkath, J. N-cadherin: stabilizing synapses. J. Cell Biol. 189, 397–398 (2010).

47.

Yam, P. T. et al. N-Cadherin Relocalizes from the Periphery to the Center of the Synapse after Transient
Synaptic Stimulation in Hippocampal Neurons. PLOS ONE 8, e79679 (2013).

48.

Mysore, S., Tai, C.-Y. & Schuman, E. N-cadherin, spine dynamics, and synaptic function. Front. Neurosci.
2, (2008).

49.

Mills, F. et al. Cognitive flexibility and long-term depression (LTD) are impaired following β-catenin
stabilization in vivo. Proc. Natl. Acad. Sci. 111, 8631–8636 (2014).

50.

Silverman, J. B. et al. Synaptic Anchorage of AMPA Receptors by Cadherins through Neural PlakophilinRelated Arm Protein–AMPA Receptor-Binding Protein Complexes. J. Neurosci. 27, 8505–8516 (2007).

51.

Bozdagi, O., Shan, W., Tanaka, H., Benson, D. L. & Huntley, G. W. Increasing Numbers of Synaptic
Puncta during Late-Phase LTP: N-Cadherin Is Synthesized, Recruited to Synaptic Sites, and Required
for Potentiation. Neuron 28, 245–259 (2000).

52.

Shin, C. S. et al. Dominant negative N-cadherin inhibits osteoclast differentiation by interfering with betacatenin regulation of RANKL, independent of cell-cell adhesion. J. Bone Miner. Res. Off. J. Am. Soc.
Bone Miner. Res. 20, 2200–2212 (2005).

53.

Bekirov, I. H., Nagy, V., Svoronos, A., Huntley, G. W. & Benson, D. L. Cadherin-8 and N-cadherin
differentially regulate pre- and postsynaptic development of the hippocampal mossy fiber pathway.
Hippocampus 18, 349–363 (2008).

54.

Lin, H., Huang, Y., Wang, Y. & Jia, J. Spatiotemporal profile of N-cadherin expression in the mossy fiber
sprouting and synaptic plasticity following seizures. Mol. Cell. Biochem. 358, 201 (2011).
69

55.

Jontes, J. D. The Cadherin Superfamily in Neural Circuit Assembly. Cold Spring Harb. Perspect. Biol. 10,
a029306 (2018).

56.

Osterhout, J. A. et al. Cadherin-6 Mediates Axon-Target Matching in a Non-Image-Forming Visual Circuit.
Neuron 71, 632–639 (2011).

57.

Kuwako, K., Nishimoto, Y., Kawase, S., Okano, H. J. & Okano, H. Cadherin-7 Regulates Mossy Fiber
Connectivity in the Cerebellum. Cell Rep. 9, 311–323 (2014).

58.

Graham, H. K. & Duan, X. Molecular mechanisms regulating synaptic specificity and retinal circuit
formation. Wiley Interdiscip. Rev. Dev. Biol. 10, e379 (2021).

59.

Lee, S.-H., Shim, J. & Kaang, B.-K. The role of cell adhesion molecules (CAMs) in defining synapsespecific function and plasticity. Anim. Cells Syst. 17, 1–6 (2013).

60.

Fannon, A. M. & Colman, D. R. A model for central synaptic junctional complex formation based on the
differential adhesive specificities of the cadherins. Neuron 17, 423–434 (1996).

61.

Kaneko, R., Kawaguchi, M., Toyama, T., Taguchi, Y. & Yagi, T. Expression levels of Protocadherin-alpha
transcripts are decreased by nonsense-mediated mRNA decay with frameshift mutations and by high
DNA methylation in their promoter regions. Gene 430, 86–94 (2009).

62.

Dallosso, A. R. et al. Long-range epigenetic silencing of chromosome 5q31 protocadherins is involved in
early and late stages of colorectal tumorigenesis through modulation of oncogenic pathways. Oncogene
31, 4409–4419 (2012).

63.

Chen, W. V. & Maniatis, T. Clustered protocadherins. Dev. Camb. Engl. 140, 3297–3302 (2013).

64.

Styfhals, R., Seuntjens, E., Simakov, O., Sanges, R. & Fiorito, G. In silico Identification and Expression
of Protocadherin Gene Family in Octopus vulgaris. Front. Physiol. 9, (2019).

65.

Albertin, C. B. et al. The octopus genome and the evolution of cephalopod neural and morphological
novelties. Nature 524, 220–224 (2015).

66.

Bass, T., Ebert, M., Hammerschmidt, M. & Frank, M. Differential expression of four protocadherin alpha
and gamma clusters in the developing and adult zebrafish: DrPcdh2gamma but not DrPcdh1gamma is
expressed in neuronal precursor cells, ependymal cells and non-neural epithelia. Dev. Genes Evol. 217,
337–351 (2007).

67.

Monahan, K. et al. Role of CCCTC binding factor (CTCF) and cohesin in the generation of single-cell
diversity of protocadherin-α gene expression. Proc. Natl. Acad. Sci. U. S. A. 109, 9125–9130 (2012).
70

68.

Wu, Q. & Jia, Z. Wiring the Brain by Clustered Protocadherin Neural Codes. Neurosci. Bull. 37, 117–131
(2021).

69.

Wu, Q. & Maniatis, T. A striking organization of a large family of human neural cadherin-like cell adhesion
genes. Cell 97, 779–790 (1999).

70.

Schreiner, D. & Weiner, J. A. Combinatorial homophilic interaction between gamma-protocadherin
multimers greatly expands the molecular diversity of cell adhesion. Proc. Natl. Acad. Sci. U. S. A. 107,
14893–14898 (2010).

71.

Kim, S. A., Tai, C.-Y., Mok, L.-P., Mosser, E. A. & Schuman, E. M. Calcium-dependent dynamics of
cadherin interactions at cell-cell junctions. Proc. Natl. Acad. Sci. U. S. A. 108, 9857–9862 (2011).

72.

Ozawa, M. & Kemler, R. The membrane-proximal region of the E-cadherin cytoplasmic domain prevents
dimerization and negatively regulates adhesion activity. J. Cell Biol. 142, 1605–1613 (1998).

73.

Nelson, W. J. Regulation of cell-cell adhesion by the cadherin-catenin complex. Biochem. Soc. Trans. 36,
149–155 (2008).

74.

Hajra, K. M. & Fearon, E. R. Cadherin and catenin alterations in human cancer. Genes. Chromosomes
Cancer 34, 255–268 (2002).

75.

Harrison, O. J. et al. Two-step adhesive binding by classical cadherins. Nat. Struct. Mol. Biol. 17, 348–
357 (2010).

76.

Wang, X. et al. Gamma protocadherins are required for survival of spinal interneurons. Neuron 36, 843–
854 (2002).

77.

Prasad, T. & Weiner, J. A. Direct and Indirect Regulation of Spinal Cord Ia Afferent Terminal Formation
by the γ-Protocadherins. Front. Mol. Neurosci. 4, 54 (2011).

78.

Weiner, J. A., Wang, X., Tapia, J. C. & Sanes, J. R. Gamma protocadherins are required for synaptic
development in the spinal cord. Proc. Natl. Acad. Sci. U. S. A. 102, 8–14 (2005).

79.

Lefebvre, J. L., Zhang, Y., Meister, M., Wang, X. & Sanes, J. R. gamma-Protocadherins regulate neuronal
survival but are dispensable for circuit formation in retina. Dev. Camb. Engl. 135, 4141–4151 (2008).

80.

Ing-Esteves, S. et al. Combinatorial Effects of Alpha- and Gamma-Protocadherins on Neuronal Survival
and Dendritic Self-Avoidance. J. Neurosci. 38, 2713–2729 (2018).

81.

Pancho, A., Aerts, T., Mitsogiannis, M. D. & Seuntjens, E. Protocadherins at the Crossroad of Signaling
Pathways. Front. Mol. Neurosci. 13, 117 (2020).
71

82.

Peek, S. L., Mah, K. M. & Weiner, J. A. Regulation of neural circuit formation by protocadherins. Cell. Mol.
Life Sci. CMLS 74, 4133–4157 (2017).

83.

Jia, Z. & Wu, Q. Clustered Protocadherins Emerge as Novel Susceptibility Loci for Mental Disorders.
Front. Neurosci. 14, (2020).

84.

Mancia Leon, W. R. et al. Clustered gamma-protocadherins regulate cortical interneuron programmed
cell death. eLife 9, e55374 (2020).

85.

Chen, J. et al. alpha- and gamma-Protocadherins negatively regulate PYK2. J. Biol. Chem. 284, 2880–
2890 (2009).

86.

Garrett, A. M., Schreiner, D., Lobas, M. A. & Weiner, J. A. γ-Protocadherins Control Cortical Dendrite
Arborization by Regulating the Activity of a FAK/PKC/MARCKS Signaling Pathway. Neuron 74, 269–276
(2012).

87.

Mah, K. M., Houston, D. W. & Weiner, J. A. The γ-Protocadherin-C3 isoform inhibits canonical Wnt
signalling by binding to and stabilizing Axin1 at the membrane. Sci. Rep. 6, 31665 (2016).

88.

Mah, K. M. & Weiner, J. A. Regulation of Wnt Signaling by Protocadherins. Semin. Cell Dev. Biol. 69,
158–171 (2017).

89.

Molumby, M. J. et al. γ-Protocadherins interact with neuroligin-1 and negatively regulate dendritic spine
morphogenesis. Cell Rep. 18, 2702–2714 (2017).

90.

Miralles, C. P. et al. Expression of protocadherin-γC4 protein in the rat brain. J. Comp. Neurol. 528, 840–
864 (2020).

91.

Kawaguchi, M. et al. Relationship between DNA methylation states and transcription of individual isoforms
encoded by the protocadherin-alpha gene cluster. J. Biol. Chem. 283, 12064–12075 (2008).

92.

Tarusawa, E. et al. Establishment of high reciprocal connectivity between clonal cortical neurons is
regulated by the Dnmt3b DNA methyltransferase and clustered protocadherins. BMC Biol. 14, 103 (2016).

93.

Toyoda, S. et al. Developmental epigenetic modification regulates stochastic expression of clustered
protocadherin genes, generating single neuron diversity. Neuron 82, 94–108 (2014).

94.

Tasic, B. et al. Promoter choice determines splice site selection in protocadherin alpha and gamma premRNA splicing. Mol. Cell 10, 21–33 (2002).

95.

Mechanism and Function of Dendritic Self-Avoidance and Self/non-Self Discrimination in the Mammalian
Nervous System. https://dash.harvard.edu/handle/1/23845402.
72

96.

Lawrence Zipursky, S. & Grueber, W. B. The Molecular Basis of Self-Avoidance. Annu. Rev. Neurosci.
36, 547–568 (2013).

97.

Washbourne, P. et al. Cell Adhesion Molecules in Synapse Formation. J. Neurosci. 24, 9244–9249
(2004).

98.

Jontes, J. D. & Phillips, G. R. Selective stabilization and synaptic specificity: a new cell-biological model.
Trends Neurosci. 29, 186–191 (2006).

99.

Missler, M., Südhof, T. C. & Biederer, T. Synaptic Cell Adhesion. Cold Spring Harb. Perspect. Biol. 4,
a005694 (2012).

100. Melom, J. E. & Littleton, J. T. Synapse development in health and disease. Curr. Opin. Genet. Dev. 21,
256–261 (2011).
101. Huntley, G. W. & Benson, D. L. Neural (N)-cadherin at developing thalamocortical synapses provides an
adhesion mechanism for the formation of somatopically organized connections. J. Comp. Neurol. 407,
453–471 (1999).
102. Bozdagi, O., Valcin, M., Poskanzer, K., Tanaka, H. & Benson, D. L. Temporally Distinct Demands for
Classic Cadherins in Synapse Formation and Maturation. Mol. Cell. Neurosci. 27, 509–521 (2004).
103. Molumby, M. J., Keeler, A. B. & Weiner, J. A. Homophilic Protocadherin Cell-Cell Interactions Promote
Dendrite Complexity. Cell Rep. 15, 1037–1050 (2016).
104. Goodman, K. M. et al. Structural Basis of Diverse Homophilic Recognition by Clustered α- and βProtocadherins. Neuron 90, 709–723 (2016).
105. Hirayama, T. & Yagi, T. Regulation of clustered protocadherin genes in individual neurons. Semin. Cell
Dev. Biol. 69, 122–130 (2017).
106. Frank, M. et al. Differential expression of individual gamma-protocadherins during mouse brain
development. Mol. Cell. Neurosci. 29, 603–616 (2005).
107. Morishita, H. et al. Structure of the cadherin-related neuronal receptor/protocadherin-alpha first
extracellular cadherin domain reveals diversity across cadherin families. J. Biol. Chem. 281, 33650–
33663 (2006).
108. Obata, S. et al. Protocadherin Pcdh2 shows properties similar to, but distinct from, those of classical
cadherins. J. Cell Sci. 108 ( Pt 12), 3765–3773 (1995).

73

109. Mutoh, T., Hamada, S., Senzaki, K., Murata, Y. & Yagi, T. Cadherin-related neuronal receptor 1 (CNR1)
has cell adhesion activity with beta1 integrin mediated through the RGD site of CNR1. Exp. Cell Res. 294,
494–508 (2004).
110. Emond, M. R., Biswas, S., Blevins, C. J. & Jontes, J. D. A complex of Protocadherin-19 and N-cadherin
mediates a novel mechanism of cell adhesion. J. Cell Biol. 195, 1115–1121 (2011).
111. Biswas, S., Emond, M. R. & Jontes, J. D. Protocadherin-19 and N-cadherin interact to control cell
movements during anterior neurulation. J. Cell Biol. 191, 1029–1041 (2010).
112. Phillips, G. R. et al. γ-Protocadherins Are Targeted to Subsets of Synapses and Intracellular Organelles
in Neurons. J. Neurosci. 23, 5096–5104 (2003).
113. Fernández-Monreal, M. et al. Gamma-protocadherins are enriched and transported in specialized
vesicles associated with the secretory pathway in neurons. Eur. J. Neurosci. 32, 921–931 (2010).
114. Fernández-Monreal, M., Kang, S. & Phillips, G. R. Gamma-protocadherin homophilic interaction and
intracellular trafficking is controlled by the cytoplasmic domain in neurons. Mol. Cell. Neurosci. 40, 344–
353 (2009).
115. Shonubi, A., Roman, C. & Phillips, G. R. The clustered protocadherin endolysosomal trafficking motif
mediates cytoplasmic association. BMC Cell Biol. 16, 28 (2015).
116. O’Leary, R. et al. A variable cytoplasmic domain segment is necessary for γ-protocadherin trafficking and
tubulation in the endosome/lysosome pathway. Mol. Biol. Cell 22, 4362–4372 (2011).
117. Hanson, H. H. et al. LC3-dependent intracellular membrane tubules induced by gamma-protocadherins
A3 and B2: a role for intraluminal interactions. J. Biol. Chem. 285, 20982–20992 (2010).
118. Grueber, W. B. & Sagasti, A. Self-avoidance and tiling: Mechanisms of dendrite and axon spacing. Cold
Spring Harb. Perspect. Biol. 2, a001750 (2010).
119. Matthews, B. J. et al. Dendrite self-avoidance is controlled by Dscam. Cell 129, 593–604 (2007).
120. Hughes, M. E. et al. Homophilic Dscam interactions control complex dendrite morphogenesis. Neuron 54,
417–427 (2007).
121. Soba, P. et al. Drosophila sensory neurons require Dscam for dendritic self-avoidance and proper
dendritic field organization. Neuron 54, 403–416 (2007).
122. Fuerst, P. G. et al. DSCAM and DSCAML1 function in self-avoidance in multiple cell types in the
developing mouse retina. Neuron 64, 484–497 (2009).
74

123. Chung, K. et al. Structural and molecular interrogation of intact biological systems. Nature 497, 332–337
(2013).
124. Goh, L. K. & Sorkin, A. Endocytosis of receptor tyrosine kinases. Cold Spring Harb. Perspect. Biol. 5,
a017459 (2013).
125. Dieckmann, M., Dietrich, M. F. & Herz, J. LIPOPROTEIN RECEPTORS – AN EVOLUTIONARILY
ANCIENT MULTIFUNCTIONAL RECEPTOR FAMILY. Biol. Chem. 391, 1341–1363 (2010).
126. Tortorella, S. & Karagiannis, T. C. Transferrin Receptor-Mediated Endocytosis: A Useful Target for
Cancer Therapy. J. Membr. Biol. 247, 291–307 (2014).
127. O’Sullivan, M. J. & Lindsay, A. J. The Endosomal Recycling Pathway—At the Crossroads of the Cell. Int.
J. Mol. Sci. 21, 6074 (2020).
128. Taguchi, T. Emerging roles of recycling endosomes. J. Biochem. (Tokyo) 153, 505–510 (2013).
129. Grossier, J.-P., Xouri, G., Goud, B. & Schauer, K. Cell adhesion defines the topology of endocytosis and
signaling. EMBO J. 33, 35–45 (2014).
130. Irannejad, R. & von Zastrow, M. GPCR signaling along the endocytic pathway. Curr. Opin. Cell Biol. 27,
109–116 (2014).
131. Schalm, S. S., Ballif, B. A., Buchanan, S. M., Phillips, G. R. & Maniatis, T. Phosphorylation of
protocadherin proteins by the receptor tyrosine kinase Ret. Proc. Natl. Acad. Sci. U. S. A. 107, 13894–
13899 (2010).
132. Paul, M. K. & Mukhopadhyay, A. K. Tyrosine kinase – Role and significance in Cancer. Int. J. Med. Sci.
1, 101–115 (2004).
133. Schlessinger, J. Cell Signaling by Receptor Tyrosine Kinases. Cell 103, 211–225 (2000).
134. Aoto, J. & Chen, L. Bidirectional ephrin/Eph signaling in synaptic functions. Brain Res. 1184, 72–80
(2007).
135. Yang, J.-S., Wei, H.-X., Chen, P.-P. & Wu, G. Roles of Eph/ephrin bidirectional signaling in central
nervous system injury and recovery. Exp. Ther. Med. 15, 2219–2227 (2018).
136. Nunez, D. et al. Hotspots organize clathrin-mediated endocytosis by efficient recruitment and retention of
nucleating resources. Traffic Cph. Den. 12, 1868–1878 (2011).
137. Teng, H., Cole, J. C., Roberts, R. L. & Wilkinson, R. S. Endocytic Active Zones: Hot Spots for Endocytosis
in Vertebrate Neuromuscular Terminals. J. Neurosci. 19, 4855–4866 (1999).
75

138. Cullen, P. J. & Steinberg, F. To degrade or not to degrade: mechanisms and significance of endocytic
recycling. Nat. Rev. Mol. Cell Biol. 19, 679–696 (2018).
139. Marmor, M. D. & Yarden, Y. Role of protein ubiquitylation in regulating endocytosis of receptor tyrosine
kinases. Oncogene 23, 2057–2070 (2004).
140. Wang, J. et al. Endosomal Receptor Trafficking: Retromer and Beyond. Traffic Cph. Den. 19, 578–590
(2018).
141. Pandey, K. N. Functional roles of short sequence motifs in the endocytosis of membrane receptors. Front.
Biosci. Landmark Ed. 14, 5339–5360 (2009).
142. Pandey, K. N. Small peptide recognition sequence for intracellular sorting. Curr. Opin. Biotechnol. 21,
611–620 (2010).
143. Sotelo, P., Farfán, P., Benitez, M. L., Bu, G. & Marzolo, M.-P. Sorting Nexin 17 Regulates ApoER2
Recycling and Reelin Signaling. PLOS ONE 9, e93672 (2014).
144. Pandey, K. N. Endocytosis and Trafficking of Natriuretic Peptide Receptor-A: Potential Role of Short
Sequence Motifs. Membranes 5, 253–287 (2015).
145. Ragnarsson, L., Andersson, Å., Thomas, W. G. & Lewis, R. J. Mutations in the NPxxY motif stabilize
pharmacologically distinct conformational states of the α1B- and β2-adrenoceptors. Sci. Signal. 12,
eaas9485 (2019).
146. Lisabeth, E. M., Falivelli, G. & Pasquale, E. B. Eph Receptor Signaling and Ephrins. Cold Spring Harb.
Perspect. Biol. 5, a009159 (2013).
147. Yamashita, N. Retrograde signaling via axonal transport through signaling endosomes. J. Pharmacol.
Sci. 141, 91–96 (2019).
148. Ben-Zvi, A. et al. Semaphorin 3A and neurotrophins: a balance between apoptosis and survival signaling
in embryonic DRG neurons. J. Neurochem. 96, 585–597 (2006).
149. Takayama, Y., May, P., Anderson, R. G. W. & Herz, J. Low density lipoprotein receptor-related protein 1
(LRP1) controls endocytosis and c-CBL-mediated ubiquitination of the platelet-derived growth factor
receptor beta (PDGFR beta). J. Biol. Chem. 280, 18504–18510 (2005).
150. Mentrup, T., Cabrera-Cabrera, F. & Schröder, B. Proteolytic Regulation of the Lectin-Like Oxidized
Lipoprotein Receptor LOX-1. Front. Cardiovasc. Med. 7, 594441 (2020).

76

151. Chen, C.-L., Huang, S. S. & Huang, J. S. Cholesterol modulates cellular TGF-β responsiveness by altering
TGF-β binding to TGF-β receptors. J. Cell. Physiol. 215, 223–233 (2008).
152. Chen, C.-L. et al. Cholesterol suppresses cellular TGF-β responsiveness: implications in atherogenesis.
J. Cell Sci. 120, 3509–3521 (2007).
153. Goldstein, J. L., Anderson, R. G. & Brown, M. S. Receptor-mediated endocytosis and the cellular uptake
of low density lipoprotein. Ciba Found. Symp. 77–95 (1982) doi:10.1002/9780470720745.ch5.
154. Collins, B. M., McCoy, A. J., Kent, H. M., Evans, P. R. & Owen, D. J. Molecular Architecture and Functional
Model of the Endocytic AP2 Complex. Cell 109, 523–535 (2002).
155. Kadlecova, Z. et al. Regulation of clathrin-mediated endocytosis by hierarchical allosteric activation of
AP2. J. Cell Biol. 216, 167–179 (2017).
156. Sheff, D. R., Daro, E. A., Hull, M. & Mellman, I. The Receptor Recycling Pathway Contains Two Distinct
Populations of Early Endosomes with Different Sorting Functions. J. Cell Biol. 145, 123–139 (1999).
157. Grant, B. D. & Donaldson, J. G. Pathways and mechanisms of endocytic recycling. Nat. Rev. Mol. Cell
Biol. 10, 597–608 (2009).
158. Killisch, I. et al. Characterization of early and late endocytic compartments of the transferrin cycle.
Transferrin receptor antibody blocks erythroid differentiation by trapping the receptor in the early
endosome. J. Cell Sci. 103 ( Pt 1), 211–232 (1992).
159. Mayle, K. M., Le, A. M. & Kamei, D. T. The Intracellular Trafficking Pathway of Transferrin. Biochim.
Biophys. Acta 1820, 264–281 (2012).
160. O’Hayre, M., Degese, M. S. & Gutkind, J. S. Novel insights into G protein and G protein-coupled receptor
signaling in cancer. Curr. Opin. Cell Biol. 27, 126–135 (2014).
161. Pavlos, N. J. & Friedman, P. A. GPCR Signaling and Trafficking: The Long and Short of It. Trends
Endocrinol. Metab. TEM 28, 213–226 (2017).
162. Kase, S. et al. Expression of E-cadherin and β-Catenin in Human Non-Small Cell Lung Cancer and the
Clinical Significance1. Clin. Cancer Res. 6, 4789–4796 (2000).
163. Rubinfeld, B. et al. Stabilization of beta-catenin by genetic defects in melanoma cell lines. Science 275,
1790–1792 (1997).
164. Morin, P. J. et al. Activation of beta-catenin-Tcf signaling in colon cancer by mutations in beta-catenin or
APC. Science 275, 1787–1790 (1997).
77

165. Anderson, E. et al. Transcytosis of NgCAM in epithelial cells reflects differential signal recognition on the
endocytic and secretory pathways. J. Cell Biol. 170, 595–605 (2005).
166. Heck, B. W. & Devenport, D. Trans-endocytosis of Planar Cell Polarity Complexes During Cell Division.
Curr. Biol. CB 27, 3725-3733.e4 (2017).
167. Kim, B. Evolutionarily conserved and divergent functions for cell adhesion molecules in neural circuit
assembly. J. Comp. Neurol. 527, 2061–2068 (2019).
168. Zipursky, S. L. & Sanes, J. R. Chemoaffinity revisited: dscams, protocadherins, and neural circuit
assembly. Cell 143, 343–353 (2010).
169. Guo, Y. et al. CTCF/cohesin-mediated DNA looping is required for protocadherin α promoter choice. Proc.
Natl. Acad. Sci. U. S. A. 109, 21081–21086 (2012).
170. Hirayama, T., Tarusawa, E., Yoshimura, Y., Galjart, N. & Yagi, T. CTCF is required for neural development
and stochastic expression of clustered Pcdh genes in neurons. Cell Rep. 2, 345–357 (2012).
171. Jiang, Y. et al. The methyltransferase SETDB1 regulates a large neuron-specific topological chromatin
domain. Nat. Genet. 49, 1239–1250 (2017).
172. Goodman, K. M. et al. Protocadherin cis-dimer architecture and recognition unit diversity. Proc. Natl.
Acad. Sci. U. S. A. 114, E9829–E9837 (2017).
173. Brasch, J. et al. Visualization of clustered protocadherin neuronal self-recognition complexes. Nature 569,
280–283 (2019).
174. Suo, L., Lu, H., Ying, G., Capecchi, M. R. & Wu, Q. Protocadherin clusters and cell adhesion kinase
regulate dendrite complexity through Rho GTPase. J. Mol. Cell Biol. 4, 362–376 (2012).
175. Garrett, A. M. & Weiner, J. A. Control of CNS synapse development by {gamma}-protocadherin-mediated
astrocyte-neuron contact. J. Neurosci. Off. J. Soc. Neurosci. 29, 11723–11731 (2009).
176. Hasegawa, S. et al. The protocadherin-alpha family is involved in axonal coalescence of olfactory sensory
neurons into glomeruli of the olfactory bulb in mouse. Mol. Cell. Neurosci. 38, 66–79 (2008).
177. Hasegawa, S. et al. Constitutively expressed Protocadherin-α regulates the coalescence and elimination
of homotypic olfactory axons through its cytoplasmic region. Front. Mol. Neurosci. 5, 97 (2012).
178. Hasegawa, S. et al. Distinct and Cooperative Functions for the Protocadherin-α, -β and -γ Clusters in
Neuronal Survival and Axon Targeting. Front. Mol. Neurosci. 9, 155 (2016).

78

179. Chen, W. V. et al. Pcdhαc2 is required for axonal tiling and assembly of serotonergic circuitries in mice.
Science 356, 406–411 (2017).
180. Katori, S. et al. Protocadherin-αC2 is required for diffuse projections of serotonergic axons. Sci. Rep. 7,
15908 (2017).
181. Lu, W.-C. et al. The protocadherin alpha cluster is required for axon extension and myelination in the
developing central nervous system. Neural Regen. Res. 13, 427–433 (2018).
182. Li, Y. et al. Molecular and functional interaction between protocadherin-γC5 and GABAA receptors. J.
Neurosci. Off. J. Soc. Neurosci. 32, 11780–11797 (2012).
183. Fan, L. et al. Alpha protocadherins and Pyk2 kinase regulate cortical neuron migration and cytoskeletal
dynamics via Rac1 GTPase and WAVE complex in mice. eLife 7, e35242 (2018).
184. Han, M.-H., Lin, C., Meng, S. & Wang, X. Proteomics analysis reveals overlapping functions of clustered
protocadherins. Mol. Cell. Proteomics MCP 9, 71–83 (2010).
185. Keeler, A. B., Schreiner, D. & Weiner, J. A. Protein Kinase C Phosphorylation of a γ-Protocadherin Cterminal Lipid Binding Domain Regulates Focal Adhesion Kinase Inhibition and Dendrite Arborization. J.
Biol. Chem. 290, 20674–20686 (2015).
186. Berry, K. P. & Nedivi, E. Spine Dynamics: Are They All the Same? Neuron 96, 43–55 (2017).
187. Desmond, N. L. & Weinberg, R. J. Enhanced expression of AMPA receptor protein at perforated
axospinous synapses. Neuroreport 9, 857–860 (1998).
188. Lüscher, C., Nicoll, R. A., Malenka, R. C. & Muller, D. Synaptic plasticity and dynamic modulation of the
postsynaptic membrane. Nat. Neurosci. 3, 545–550 (2000).
189. Nicholson, D. A. et al. Distance-dependent differences in synapse number and AMPA receptor expression
in hippocampal CA1 pyramidal neurons. Neuron 50, 431–442 (2006).
190. Toni, N. et al. Remodeling of synaptic membranes after induction of long-term potentiation. J. Neurosci.
Off. J. Soc. Neurosci. 21, 6245–6251 (2001).
191. Fernández-Monreal, M. et al. γ-protocadherins are enriched and transported in specialized vesicles
associated with the secretory pathway in neurons. Eur. J. Neurosci. 32, 921–931 (2010).
192. Harris, K. M., Jensen, F. E. & Tsao, B. Three-dimensional structure of dendritic spines and synapses in
rat hippocampus (CA1) at postnatal day 15 and adult ages: implications for the maturation of synaptic

79

physiology and long-term potentiation [published erratum appears in J Neurosci 1992 Aug;12(8):following
table of contents]. J. Neurosci. 12, 2685–2705 (1992).
193. Mountoufaris, G., Canzio, D., Nwakeze, C. L., Chen, W. V. & Maniatis, T. Writing, Reading, and
Translating the Clustered Protocadherin Cell Surface Recognition Code for Neural Circuit Assembly.
Annu. Rev. Cell Dev. Biol. 34, 471–493 (2018).
194. Rubinstein, R., Goodman, K. M., Maniatis, T., Shapiro, L. & Honig, B. Structural origins of clustered
protocadherin-mediated neuronal barcoding. Semin. Cell Dev. Biol. 69, 140–150 (2017).
195. Katori, S. et al. Protocadherin-alpha family is required for serotonergic projections to appropriately
innervate target brain areas. J. Neurosci. Off. J. Soc. Neurosci. 29, 9137–9147 (2009).
196. El Hajj, N., Dittrich, M. & Haaf, T. Epigenetic dysregulation of protocadherins in human disease. Semin.
Cell Dev. Biol. 69, 172–182 (2017).
197. Kawauchi, T. Cell adhesion and its endocytic regulation in cell migration during neural development and
cancer metastasis. Int. J. Mol. Sci. 13, 4564–4590 (2012).
198. Wai Wong, C., Dye, D. E. & Coombe, D. R. The role of immunoglobulin superfamily cell adhesion
molecules in cancer metastasis. Int. J. Cell Biol. 2012, 340296 (2012).
199. Mosesson, Y., Mills, G. B. & Yarden, Y. Cadherin endocytosis. Nat. Rev. Cancer 9, 143–143 (2009).
200. Balzac, F. et al. E-cadherin endocytosis regulates the activity of Rap1: a traffic light GTPase at the
crossroads between cadherin and integrin function. J. Cell Sci. 118, 4765–4783 (2005).
201. Tai, C.-Y., Mysore, S. P., Chiu, C. & Schuman, E. M. Activity-regulated N-cadherin endocytosis. Neuron
54, 771–785 (2007).
202. Cosker, K. E. & Segal, R. A. Neuronal signaling through endocytosis. Cold Spring Harb. Perspect. Biol.
6, a020669 (2014).
203. Kostadinov, D. & Sanes, J. R. Protocadherin-dependent dendritic self-avoidance regulates neural
connectivity and circuit function. eLife 4, e08964 (2015).
204. McEwen, A. E., Maher, M. T., Mo, R. & Gottardi, C. J. E-cadherin phosphorylation occurs during its
biosynthesis to promote its cell surface stability and adhesion. Mol. Biol. Cell 25, 2365–2374 (2014).
205. Homrich, M., Gotthard, I., Wobst, H. & Diestel, S. Cell Adhesion Molecules and Ubiquitination-Functions
and Significance. Biology 5, E1 (2015).

80

206. Almeida-Souza, L. et al. A Flat BAR Protein Promotes Actin Polymerization at the Base of Clathrin-Coated
Pits. Cell 174, 325-337.e14 (2018).
207. Kelley, C. F., Becalska, A. N., Berciu, C., Nicastro, D. & Rodal, A. A. Assembly of actin filaments and
microtubules in Nwk F-BAR-induced membrane deformations. Commun. Integr. Biol. 8, e1000703 (2015).
208. Rodal, A. A., Motola-Barnes, R. N. & Littleton, J. T. Nervous wreck and Cdc42 cooperate to regulate
endocytic actin assembly during synaptic growth. J. Neurosci. Off. J. Soc. Neurosci. 28, 8316–8325
(2008).
209. Coyle, I. P. et al. Nervous wreck, an SH3 adaptor protein that interacts with Wsp, regulates synaptic
growth in Drosophila. Neuron 41, 521–534 (2004).
210. Phillips, G. R. et al. Proteomic comparison of two fractions derived from the transsynaptic scaffold. J.
Neurosci. Res. 81, 762–775 (2005).
211. Katoh, M. & Katoh, M. Identification and characterization of human FCHSD1 and FCHSD2 genes in silico.
Int. J. Mol. Med. 13, 749–754 (2004).
212. Cao, H. et al. FCHSD1 and FCHSD2 are expressed in hair cell stereocilia and cuticular plate and regulate
actin polymerization in vitro. PloS One 8, e56516 (2013).
213. Xiao, G.-Y., Mohanakrishnan, A. & Schmid, S. L. Role for ERK1/2-dependent activation of FCHSD2 in
cancer cell-selective regulation of clathrin-mediated endocytosis. Proc. Natl. Acad. Sci. 115, E9570–
E9579 (2018).
214. Zhai, X. et al. FCHSD2 cooperates with CDC42 and N-WASP to regulate cell protrusion formation.
Biochim. Biophys. Acta Mol. Cell Res. 1869, 119134 (2022).
215. Holliday, L. S., Faria, L. P. de & Rody, W. J. Actin and Actin-Associated Proteins in Extracellular Vesicles
Shed by Osteoclasts. Int. J. Mol. Sci. 21, E158 (2019).
216. Engqvist-Goldstein, A. E. Y. & Drubin, D. G. Actin assembly and endocytosis: from yeast to mammals.
Annu. Rev. Cell Dev. Biol. 19, 287–332 (2003).
217. Robertson, A. S., Smythe, E. & Ayscough, K. R. Functions of actin in endocytosis. Cell. Mol. Life Sci.
CMLS 66, 2049–2065 (2009).
218. Duleh, S. N. & Welch, M. D. WASH and the Arp2/3 complex regulate endosome shape and trafficking.
Cytoskelet. Hoboken NJ 67, 193–206 (2010).

81

219. Papalazarou, V. & Machesky, L. M. The cell pushes back: The Arp2/3 complex is a key orchestrator of
cellular responses to environmental forces. Curr. Opin. Cell Biol. 68, 37–44 (2021).
220. Fäßler, F., Dimchev, G., Hodirnau, V.-V., Wan, W. & Schur, F. K. M. Cryo-electron tomography structure
of Arp2/3 complex in cells reveals new insights into the branch junction. Nat. Commun. 11, 6437 (2020).
221. Hetrick, B., Han, M. S., Helgeson, L. A. & Nolen, B. J. Small molecules CK-666 and CK-869 inhibit actinrelated protein 2/3 complex by blocking an activating conformational change. Chem. Biol. 20, 701–712
(2013).
222. Zhu, D. et al. Muscle-specific receptor tyrosine kinase endocytosis in acetylcholine receptor clustering in
response to agrin. J. Neurosci. Off. J. Soc. Neurosci. 28, 1688–1696 (2008).
223. Gubar, O. et al. Intersectin: The Crossroad between Vesicle Exocytosis and Endocytosis. Front.
Endocrinol. 4, 109 (2013).
224. Goley, E. D. & Welch, M. D. The ARP2/3 complex: an actin nucleator comes of age. Nat. Rev. Mol. Cell
Biol. 7, 713–726 (2006).
225. Smith, C. J., Watson, J. D., VanHoven, M. K., Colón-Ramos, D. A. & Miller, D. M. Netrin (UNC-6) mediates
dendritic self-avoidance. Nat. Neurosci. 15, 731–737 (2012).
226. Liao, C.-P., Li, H., Lee, H.-H., Chien, C.-T. & Pan, C.-L. Cell-Autonomous Regulation of Dendrite SelfAvoidance by the Wnt Secretory Factor MIG-14/Wntless. Neuron 98, 320-334.e6 (2018).
227. Dutta, R. C., Nagpal, S. & Salunke, D. M. Functional mapping of apidaecin through secondary structure
correlation. Int. J. Biochem. Cell Biol. 40, 1005–1015 (2008).
228. Gerth, F. et al. Intersectin associates with synapsin and regulates its nanoscale localization and function.
Proc. Natl. Acad. Sci. U. S. A. 114, 12057–12062 (2017).
229. Novokhatska, O. et al. Adaptor proteins intersectin 1 and 2 bind similar proline-rich ligands but are
differentially recognized by SH2 domain-containing proteins. PloS One 8, e70546 (2013).
230. Vega-Benedetti, A. F. et al. Clustered protocadherins methylation alterations in cancer. Clin. Epigenetics
11, 100 (2019).
231. Breuillard, D. et al. Autism spectrum disorder phenotype and intellectual disability in females with epilepsy
and PCDH-19 mutations. Epilepsy Behav. EB 60, 75–80 (2016).
232. Doan, R. N. et al. Recessive gene disruptions in autism spectrum disorder. Nat. Genet. 51, 1092–1098
(2019).
82

233. SFARI | Investigation of a possible role of the protocadherin gene cluster in autism. SFARI
https://www.sfari.org/funded-project/investigation-of-a-possible-role-of-the-protocadherin-gene-clusterin-autism/ (2012).

83

